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PREFACE 


YHE present volume consists substantially of a course of 

lectures which, by special invitation of the authorities, 

I delivered in the University of Calcutta during parts of January 

and February, 1913. The invitation was accompanied by a 
stipulation that the lectures should be published. 

As regards choice of subject for the course, I was allowed 
complete freedom. It was intimated that the class would be 
mainly or entirely of a post-graduate standing. What was 
desired, above all, was an exposition of some subject that, later 
on, might suggest openings to those who had the will and the 
skill to pursue research. 

Accordingly I selected a subject, which may be regarded as 
being still in not very advanced stages of development, and into 
the exposition of which I could incorporate some results of my 
own which had been in my possession for some time. Owing 
to the limitations of the period over which the course should 
extend, it was not practicable to make the lectures a systematic 
discussion of the whole subject; and I therefore had to choose 
portions, in order to discuss a variety of topics and to indicate 
some paths along which further progress might be possible. Thus, 
instead of concentrating upon one particular issue, I preferred to 
deal with several distinct lines of investigation, even though 


their treatment had to be relatively brief. 
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Wherever it was possible to refer to books or to memoirs, 
I duly referred my students to the authorities. In particular, 
I urged them to prepare themselves so that they could proceed 
to the study of algebraic functions of two variables; because 
happily, in that region, there is the treatise by Picard and 
Simart, Fonctions algébriques de deux variables indépendantes, 
which includes an account of the researches made by Picard 
and others in the last thirty years. As this treatise is so full, 
I made no attempt to give to my students what could only 
have been a truncated account of the elements of that theory; 
but, as will be seen, what I did was to restate some of its 
problems from a different (and, as I think, a more general) 
point of view. 

At several stages in my lectures, I deviated from the almost 
usual practice of dealing with only a single uniform function 
of two complex variables. I thought it preferable to deal 
with two dependent variables as functions of two independent 
variables. Characteristic properties of the variation of uniform 
analytic functions of two variables are brought into fuller 
discussion, when two such functions are regarded simultaneously. 
The combination of at least two such functions is necessary 
when the general theory of quadruply-periodic functions is under 
review. The same combination of two functions seems to. me 
desirable in the general discussion of the theory of algebraic 
functions of two variables whether these occur, or do not occur, 
in connection with quadruply-periodic functions; the considera- 
tion of relations between independent variables and dependent 
variables is thereby made more complete, and illustrations will 
be found in the course of the book. Even in the simplest case 
that has any significance, when these algebraic relations are 
nothing more than the expression of the lineo-linear substitutions, 
it is of course necessary to have two new variables expressible in 
terms of the variables already adopted. 
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The following is a summary outline of the whole course of 
lectures. 

The first Chapter deals with the various suggestions that have 
been made for the geometrical representation of two complex 
variables. The intuitive usefulness of the Argand representation, 
when we are concerned with functions of a single independent 
complex variable, is universally recognised; but there seems 
to be a deficiency in the usefulness of each of the geometrical 
representations when more than a single independent complex 
variable occurs. 

The second Chapter is devoted to the consideration of the 
analytical properties of the lineo-linear substitution, defining two 
variables in terms of two others, each uniquely by means of the 
others. It is a generalisation of the homographic substitution 
for a single variable; some of the properties of the latter are 
extended to the case when there are two variables. In particular, 
insistence is laid upon certain invariantive properties of such 
substitutions. 

The third Chapter is concerned with the expressibility of 
uniform analytic functions in power-series. The limitation of 
the range of convergence of such series leads to the notion of 
the various kinds of singularity which, under the classification 
made by Weierstrass, uniform analytic functions can possess. 

The fourth Chapter is devoted to the consideration of the 
form of a uniform analytic function in the immediate vicinity 
of any assigned place in the field of variation. The central 
theorem is due to Weierstrass, and was established by him for 
functions of 1 variables; I have developed it in some detail when 
there are only two variables; and it is applied to the description 
of the behaviour of a function in the vicinity of any one of its 
various classes of places, whether ordinary or singular. 

The fifth Chapter is occupied with two’ constructive theorems, 


both of them originally enunciated (without proof) by Weierstrass, 
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as to the character of functions either entirely devoid or almost 
devoid of essential singularities. A function, entirely devoid of 
essential singularities, is expressible as a rational function of the 
variables; the proof given is a modification of the proof first 
given by Hurwitz. A function, which has essential singularities 
only in the infinite parts of the field of variation, is expressible 
as the quotient of two functions which are regular in all finite 
parts of the field; the proof, which is given, follows Cousin’s 
investigations for the general case of n variables. 

The next Chapter is devoted to integrals. The earlier 
paragraphs are concerned with double integrals of quantities 
which are uniform functions of two variables; after an exposition 
of Poincaré’s extension of Cauchy’s main integral theorem, these 
paragraphs are mainly occupied with simple examples of a subject 
which awaits further development. The later paragraphs are 
concerned with integrals, whether single or double, of algebraic 
functions, a theory to which Picard’s investigations have made 
substantial contributions. In restating the problems for the sake 
of students, I took the line of introducing a couple of algebraic 
functions, instead of only a single algebraic function, of two 
variables, so that there may be complete liberty of selection of 
two independent variables. The geometry of surfaces has led 
to valuable results connected with integrals of algebraic functions 
of two variables, just as the geometry of curves led to valuable 
results connected with integrals of algebraic functions of one 
variable. But my own view is that the development of the 
theory, however much it has been helped by the geometry, must 
(under present methods) ultimately be made to depend completely 
upon analysis. This will be more complicated when two alge- 
braic equations are propounded than when there is only a 
single equation; but its character will be unaltered. And so 
I have stated the problem for what seems to me the more 
general case. 
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In Chapter VII I have discussed the behaviour of two uniform 
analytic functions considered simultaneously. In particular, when 
the functions are independent and free (in the sense that they 
have no common factor), it is shewn that their level places are 
isolated; and the investigations in Chapter IV are used to obtain 
an expression for the multiplicity of occurrence of such a level 
place, when it is not simple. 

The last Chapter is devoted to the foundations of the theory 
of uniform periodic functions of two variables. In the early part 
of the chapter, I have worked out the various kinds of cases that 
can occur. The method may be deemed tedious; it certainly 
could not be used for the functions of 2 variables with not more 
than 2n sets of periods; but it brings into relief the discrimination 
between the cases which, stated initially only from the point of 
view of periodicity, are degenerate or resoluble or impossible or 
actual. The theta-functions are then introduced on the basis of 
a result in Chapter V; and the discrimination between functions 
with three period-pairs and those with four period-pairs is indicated. 
Later, some theorems enunciated (but not proved) by Weierstrass 
are established for functions of two variables, together with some 
extensions, all these being concerned with algebraic relations 
between homoperiodic uniform functions devoid of essential sin- 
gularities in the finite part of the field of variation. The Chapter 
concludes with some simple examples belonging to the simplest 
class of hyperelliptic functions. But I have not attempted, in 
these lectures, to expound the details of the theory of quadruply- 
periodic functions of two variables; it can be found in specific 


treatises to which references are given in the text. 


My whole purpose, in the Calcutta course, was to deal with 
a selection of principles and of generalities that belong to the 
initial stages of the theory of functions of two complex variables. 
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Often before, I have had to thank the Staff of the Cambridge 
University Press for their efficient help during the progress of 
proof-sheets of my books. This volume has made special demands 
upon their patience; throughout, as is their custom within my 
experience, they have met my wishes with readiness and skill. 


To all of them, once again, I tender my grateful thanks. 
A. R. FORSYTH: 
IMPERIAL COLLEGE OF SCIENCE 


AND TrecHNoLoGcy, Lonpon, S.W. 
February, 1914. 
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CHAPTER I 


GEOMETRICAL REPRESENTATION OF THE VARIABLES 


In regard to functions of a single complex variable, reference may generally be made, 
for statements of results and for quoted theorems, to the author’s Theory of Functions. 
No reference is made to the ultimate foundations of the theory of functions of a single 
real variable ; a full discussion will be found in Hobson’s Functions of a real variable. 


For a large part of the contents of the first two chapters, reference may be made to 
two papers by the author*; and particular references to memoirs will be made from 
time to time as they are quoted. 


But in addition, reference should be made to a papert by Poincaré, who discusses 
groups, classes of invariants, and conformation of space, when the representation of the 
two complex variables is made by means of four-dimensional space. 


1. This course of lectures is devoted to the theory of functions of two 
or more complex variables. It will be assumed that the substantial results 
of the theory of functions of a single complex variable are known; so that 
references to such results may be made briefly or even only indirectly, and 
suggestions, especially in regard to the extensions of ideas furnished by 
that theory, can be discussed in their wider aspect without any delay over 
preliminary explanations. 


My intention is to deal with some of the principles and the generalities 
of the selected subject. Special illustrations and developments will be given 
from time to time; but limitations forbid the possibility of attempting an 
exposition of the whole range of knowledge already attained. Moreover, 
my hope is to establish some new results, and suggest some problems; 
in order to make that hope a reality within this course, some developments 
must be sacrificed. The sacrifice, however, need only be temporary, in one 
sense; because references to the important authorities will be given, and 
their work can be consulted and studied in amplification of these lectures. 


* «Simultaneous complex variables and their geometrical representation,” Messenger of 
Math., vol. x1 (1910), pp. 118—134 ; ‘“‘ Lineo-linear transformations of two complex variables,” 
Quart. Journ. Math., vol. xliii (1912), pp. 178—207. 

+ ‘Les fonctions analytiques de deux variables et la représentation conforme,” Rend. Cire. 
Mat. Palermo, t. xxiii (1907), pp. 185—220, 
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2 FUNCTIONS OF TWO VARIABLES [CH. I 


Usually, it will be assumed that the number of independent variables is 
two. In making this restriction, a double purpose is proposed. 


Not a few of the propositions for two variables, with appropriate changes, 
can justly be enunciated for n variables; and sometimes they will be 
enunciated explicitly. In such cases, they usually are true for functions 
of a single variable also; and they become generalisations of the last- 
mentioned and simplest form of the corresponding proposition. Results of 
this type have their importance in the body of the theory. But it is 
desirable to have other results also, which may be called characteristic of 
the theory for more than a single variable, in the sense that they have no 
corresponding counterpart in the theory for a single variable. 


Again, it is desirable, wherever possible, to obtain results equally character- 
istic of the theory in another direction, that is to say, results which are not 
mere specialisations of results for the case of three or more variables. Such 
a result is provided in the case of the quadruply-periodic functions of two 
variables and their association with single integrals involving the quadratic 
radical of a quintic or sextic polynomial. The case might be taken as the 
appropriate specialisation of 2n-ply periodic functions of nm variables and 
their proper association with single integrals involving the quadratic radical 
of a polynomial of order 2n+1 or 2n+2. These latter functions, however, 
are notoriously not the most general multiply-periodic functions for values 
of n from 3, inclusive and upwards. Consequently, it is sufficient to develop 
the association with quadratic radicals of a quintic or sextic polynomial ; 
the formal generalisations of the results so obtained are only limited and 
restricted forms of the results belonging to the wider, but not most com- 

; pletely general, theory. 


These combined considerations constitute my reason for dealing mainly 
with the theory of functions of two independent complex variables. 


The two variables will be denoted by z and 2’. 


2. One illustration of real generalisation from the theory of functions 
of a single variable arises as follows. In that theory, when a variable w is 
connected with a variable z by a relation /(w, 2) =0 of any form, we frequently 
consider that w is defined as a function of z by the relation. But frequently 
also there is a necessity for regarding z as a function of w; and important 
results, especially in connection with periodic functions, are obtained by using 
this dual notion of inversion. <A question naturally suggests itself :—what is 
the general form of this notion of inversion when there are two independent 
variables ? 

A function w of z and 2 can be regarded as given by a relation 
f(w,2,2) = 9, any precision as to the form of f being irrelevant to the immediate 
discussion. A limited use of the notion of inversion can be applied at once 
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to the relation. Just as in the Cartesian equation of a surface in ordinary 
space it is often a matter of indifference which of the three coordinates is to 
be regarded as expressed by the equation in terms of the other two, so now 
we may regard the relation f(w,z,2’)=0 as defining any one of the three 
variables w, z, 2’ in terms of the other two. Such an interpretation of the 
relation does not imply the complete process of inversion in the simpler case, 
whereby the quantity initially regarded as independent is expressed in terms 
of the quantity initially regarded as dependent. In the present case, the 
initially independent variables z and z are not expressible in terms of the 
single initially dependent variable w. 


The limitation in the use of the notion, however, disappears when two 
functionally distinct quantities w and w’ occur. This occurrence might arise 
through the existence of two functional relations 


I (w, 4, 2)=90, g(w', z, 2)=0, 
or of two apparently more general functional relations 
E(w, w,2z,7)=0, G(w, w’, 2, 2)=0. 
We assume that the equations /=0, G=0, do actually define distinct 


functions w and w’ in the sense that they are independent equations; that 
is, we assume that their Jacobian 


does not vanish identically. Moreover, for our purpose, w and w’ are not 
merely to be distinct from one another; they are to be independent functions 
of z and z’, so that the Jacobian 
1 
z, 2 


does not vanish identically. Now 
(ef) seh) 
2,2 w, w 


ce a ale ad (= 3), 


w, w Z,2 / 


always; hence neither of the Jacobians 


/ 4 F.G 
se) T( 4 
Ww, w 2 2 
can vanish identically. In other words, we can interpret the two relations 


F=0 and G=0 in a new way; they define z and z as two distinct and 
independent functions of the two independent variables w and w’. 


Ex. Thus the equations 
wtwt+24+72=a, w—we+8-73=), 
satisfy both conditions; the quantities w and w’' are independent functions of z and z’. And 
conversely for z and z as independent functions of w and w’. 


1—2 
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On the other hand, the equations 
wu'-z-7=0, w?—w'-1=0, 
being independent equations, determine w and w’ as distinct functions of the variables, for 
J (25) does not vanish identically, But these distinct functions are not independent 


W, W 


functions of z and 7, for J (@ *) vanishes identically. Asa matter of fact, both w and 


w' are functions solely of the combination z+7 of the variables, and therefore w and w’ are 
expressible in terms of each other alone; the actual relation of expression is the second of 
the two equations. 


Thus, by the introduction of a second and independent function w’, we 
are in a position to adopt completely the notion of inversion, as distinct from 
any precise expression of inversion, for the case of two complex independent 
variables*. The inversion will be equally possible from any two relations, 
which are the exact and complete equivalent of F=0 and G=0 in 
whatever form these relations may be given. In particular, if / and G@ 
are algebraical in w and w’, they have an exact equivalent in relations of 
the type f=0 and g=0, obtained by eliminating w’ and w in turn between 
F=0 and G=0. 


Finally, we could regard any two of the four variables z, z’, w, w’ as 
independent and the remaining two as dependent. The necessary and 
sufficient condition is that no Jacobian of F and G with regard to any two 
of the variables shall vanish identically. 


Accordingly, for many, purposes, we shall find it desirable to consider 
simultaneously two independent functions w and w’ of the two independent 
variables z and 2’. 


Geometrical Representation of the Variables. 


3. Next, it proves both convenient and useful in the theory of functions 
of one variable to associate a geometrical representation of the variables 
with the analysis. It happens that this representation is simple and 
complete while full of intuitive suggestions; and though+ the notion of 
geometrical interpretation has not been adopted by all investigators and has 
occasionally been deliberately avoided by the sterner analytical schools, it 
has acquired importance because of the character of the results to which it 
has led. The representation, initiated by Argand, is obtained by the customary 
association of a point upon a plane with one variable, and of a point upon 


* When there are m independent variables 21, ..., Z,, then n functions wy), ..., w, are required 
for the corresponding complete use of inversion. 

+ There is a wide diversity of practice, in regard to the extent of the adoption of geometrical 
notions in the development of the analysis of the theory of functions. As an indication of this 
variety, it is sufficient to note the different relations to the subject as borne in the work of 
Cauchy, Hermite, Kronecker, Poincaré, Riemann, and Weierstrass, 
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another plane with the other variable; and the functional relation between 
the two variables is exhibited as a conformal representation of either plane 
upon the other. 


An adequate geometrical representation of two independent complex 
variables is a more difficult problem than the representation of a single 
complex variable; at any rate, there is as yet no unique solution of the 
problem which has been found quite so satisfactory as the Argand solution 
of the problem for a single variable. 


In order to let the full variation appear, we resolve each of the complex 

variables into its real and its imaginary parts; so we write 
Z=at+ty, 2=a' +1’. 

Here «a, y, a, y’ are real; when z and 2 are independent in every respect, 
each of these four real quantities admits of independent variation through 
the range of reality between —oo and +0. Thus a four-fold set of 
variations is required for the purpose; and such a set cannot be secured 
simply among the facilities offered by the ordinary space of experience. 


4. Several methods have been proposed. No method has been adopted 
universally. “The respective measures of success are attained through some 
greater or smaller amount of elaboration; but each increase of elaboration 
causes a decrease of simplicity, and therefore also a decrease of intuitive 
suggestiveness, in the geometrical representation. 


Among the methods, there are three which require special mention. In 
one of them, four-dimensional space 1 is chosen _as the field 1 of variation. In 
the second, a Time nd, a line (straight or curved) is 1 is taken as the geometrical ¢ entity 
representing the two variables simultaneously. In the third, each of the 
variables is represented by a point in a plane (the planes being the same 
or different), so that two points are taken as the geometrical entity repre- 


senting the two variables simultaneously. 


5. Of these methods, the simplest (in a formal analytical bearing) is 
based upon the use of four-dimensional space; and applications to the 
theory of functions of two complex variables have been made by Poincaré*, 
Picard+, and others. The four real variables a, y, x’, y’ are associated with 
four axes of reference. Sometimes they are taken as the ultimate variables ; 
sometimes they are made real functions of other ultimate real variables, 
from one to three in number according to the dimensions of the continuum 


* «*Sur les fonctions de deux variables,” Acta Math., t. ii (1883), pp. 97—113; ‘‘Sur les 
résidus des intégrales doubles,” Acta Math., t. ix (1887), pp. 321—380; “ Analysis situs,” Journ. 
de VEcole Polyt., Sér. 2, t. i (1895), pp. 1—123; ‘Analysis situs,” Rend. Circ. Mat. Palermo, 
t. xiii (1899), pp. 285—345, t. xviii (1904), pp. 45—110, and elsewhere. 

+ Traité dAnalyse, t. ii, ch. ix; Théorie des fonctions algébriques de deux variables in- 
dépendantes, t. i, ch. ii, in the course of which other references are given. 
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to be represented. Thus a single relation between a, y, #’, y provides a 
hypersurface (or an ordinary space) in the quadruple space; and, along the 
hypersurface, each of the four variables can be conceived as expressible in 
terms of three variable parameters. Two such relations provide a surface 
in the quadruple space; along the surface, each of the variables can be 
conceived as expressible in terms of two variable parameters. Similarly, 
three such relations provide a curve along which each of the variables can 
be conceived as expressible in terms of a single variable parameter. Lastly, 
four such relations provide a point or a number of points. The intersection 
of a hypersurface and a surface is made up of a curve or a number of 
curves. Two surfaces intersect in points; two hypersurfaces intersect in a 
surface or surfaces. We consider only real surfaces, curves, and points, in 
such intersections; because what is desired is a representation of the four 
real variables, from which the complex variables are composed. 


The representation, by itself, does not seem sufficiently definite and 
restricted. There is no preferential combination in geometry among the 
four coordinate axes, which compels a combination of # and y for one of the 
complex variables, while z’ and y’ must be combined for the other. But 
this original lack of restriction is supplied, so far as concerns functions of z 
and 2’, by retaining the partial differential equations of the first order, which 
are satisfied by the real and the imaginary parts of any function w. Writing 
w=utw=f(z, 2’), where u and v are real, we have 


Ou dv Ou _ _ ov ou ov Ow a ov 
on Oy ey Bat Om Ore Poy ee 


so that wu satisfies (as does v also) the equations 


Ou Pu _ saint O2u aS Pu Fu _o 
C2 Tay Oxdu’ * dydy) G68 Oy 
Ou Ou 


Ox oy’ 2 Oy da’ s 
From a value of wu, satisfying these equations, the value of v to be associated 


with it in the value of w can be obtained by quadratures. Thus we have a 
geometry, tempered implicitly by differential equations. 


The comparative difficulty of dealing with the ideas of four-dimensional 
geometry tends to prevent this mode of representation from being intuitively 
useful, at least to those minds who regard the stated results to be analytical 
relations merely disguised in a geometrical vocabulary. In particular, the 
method fails to provide (as the other methods equally fail to provide) a 
representation of quadruple periodicity which serves the same kind of purpose 
as is served by the plane representation of double periodicity; and a 
fortiori there is an even graver lack, when divisions of multiple space are 
required in connection with functions of two variables that are automorphic 
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under lineo-linear transformations. Still, it is the fact that certain results 
have been obtained through the use of this method in the extension of one 
of Cauchy’s integral-theorems, in the formation of the residues of double 
integrals, in the topology of multiple space, and in the conformation of 
spaces. 


6. The second of the indicated methods of representation of the four 
variable elements in two complex variables is based upon the fact that four 
independent coordinates are necessary and sufficient for the complete 
specification of a straight line in ordinary space. Such a line would be 
determined uniquely by the two points (and, reciprocally, would uniquely 
determine the two points) at which it meets a couple of parallel planes; and 
therefore, if one variable z is represented by a variable point in one plane 
and the other variable z’ is represented by a variable point in the other 
plane, we might regard the line joining the points z and 7 in the respective 
planes as a geometrical representation of the two variables z and 2’ con- 
jointly. (It can also be determined by a point, and a direction through the 
point ; again, the determination requires four real variables in all.) 

We must, however, bear in mind that the two points on the line are the 
ultimate representation of the two variables. When the whole line* (with 
the assistance of the two invariable parallel planes of reference) is taken to 
represent the two variables, a question at once arises as to the geometrical 
relations between a line z, z and a line w, w’, which correspond to two 
analytical relations between the variables. Does the whole line z, z’, under 
any transforming relation, become the whole line w, w’ ? 


7. It is only a specially restricted set of transforming relations, which 
admit such a transformation of a whole line. The result can be established 
as follows. 

For simplicity, we assume that the planes for z and 2 are at unit distance 
apart, and likewise that the planes for w and w’ are at unit distance apart ; 
and we write 

w=utw w=w+w%. 

The Cartesian coordinates of any point on the z, 2’ line are 

o@+(l—o)2, oy+(l-oc)y, 1l-ao, 
and those of any point on the w, w’ line are 

put(l—p)w, pu+(1—p)v, 1-p, 

where p and o are real quantities, each parametric along its line. Let two 
relations 

E(u, w', 2, 2)=0, Gi(w, w’, 2, 7)=0, 
be such as to give a birational correspondence between w, w’ and z, 2’. If, 


* For the following investigation reference may be made to the first of the author’s two 
papers quoted on p, 1. 
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then, in connection with these relations, the whole z, 2’ line is transformed 
uniquely into the whole w, w’ line, and vice-versa, some birational corre- 
spondence between the current points upon the lines must exist; and so the 
coordinates of the current point upon one line must be connected, by functional 
relations, with the coordinates of the current point upon the other line. 

Because of the independent equations /’=0, G=0, the quantities u, v, 
u', v’ are functions of «, y, 2’, y’ alone; and these functions do not involve o. 
Similarly a, y, 2’, y’ are functions of u, v, w’, v’ alone; and these functions do 
not involve p. Hence p is a function of o only, such as to take the values 
0 and 1 (in either order) when o has the values 0 and 1; and, for the 
current points, we must have 


pu +(1—p)w =f(E, 9, 1-2), 
pv + (1—p)o' =9(& 7, 1-0), 
where f and g are appropriate functions of their arguments, and 
E=cx+(l—o)x#’, n=oy+(1—-o)y. 


As p is some function of o alone, the former relation gives 


Ou ow’ 0 Ou ou’ 0 
\ 
Ou a Ou’ of ou iz du af | 


and therefore 
ou du’ ou ow’ 
{poe +-p) srt oan + 0-5} 
{ Ou Ou'| | du ou’ 
i Fed we) aa \p agi + (1 Pau 
The relation holds for all values of p, and the quantities w and w’ do not 
involve p; hence 
au Ou _ Ou du 
Ox oy’ dy da’ 
du du’ ‘6 du’ Ou _dwodw’ du’ du 
da Oy’ ' Ow dy dy da” * oy da’ 
Ou’ Ou’ _ Ow’ du’ 
ox dy’ ody Oa* 
Similarly, the second relation requires the conditions 


ev Ou _d0 dn 
dx Oy’ Oy Oa’ 

Ov ov’ ov" ov ovdv’ Ov’ av 
da Oy’ Ox dy’ dy Ox’ dy Ox" 
ov’ dv’ dv’ ov’ 

Ox Oy Oy oa"’ 


b 
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Moreover, because both w+7v and u’+iv’ are functions of z and 2’, we have 
the permanent relations 

Ou ov Ou av ou ov ou = ov 

dx oy Clank Ob te Oge Oy EOE. 

Ou’ _ ov’ du’ du’ ov ou’ ou’ 


0x Oy’ oy Ox’ da dy’ dy da’ 


By using these relations, the three equations involving the derivatives of » 
and v’ can be transformed into the three equations involving the derivatives 
of u and w’; and therefore, as the permanent relations exist for all functional 
relations, we need retain only the three equations involving the derivatives of 
u and w’ as the essential independent equations for our problem. 


8. The complete integral of the first of these three retained equations— 
it involves u only—is 
u=axn— By +a’ — fy’ +k, 


where a, 8, a’, 8’, « are any real constants, provided the condition 
ap’ —a’B=0 
is satisfied. The permanent relations then give 
v=Patayt Ba't+dy +x, 
where «’ is any real constant; and so 
w=utw 
=(at+iB)z+(a +18) 2 +Ke+ ik’. 


The presence of the term «+ 7x’ in w merely means a change of origin in the 
w-plane ; neglecting this temporarily, we have 


w=(a+iB)z+(a +10’) 2’. 
Now let 
a+iB= Aer, a +8’ = Aer’, 
where A, A’, u, uw’ are real; then the condition 6’ — a8 =0 becomes 
AA’ sin (uw — p’) = 0, 
so that either A =0, or A’ =0, or w=’, giving three possibilities. 


Similarly, the complete integral of the third of the retained equations— 
it involves wu’ only—is 
uw =ya— by +a — Sy +X, 


where ¥, 6, 7’, 6, \ are any real constants, provided the condition 
yo — 7d =0 
is satisfied. The permanent relations then give 


v =dat+yyt ou +y/y +N, 


10 TWO COMPLEX VARIABLES [CH. I 


where 2’ is any real constant ; and so 
w=u+w 
= (y+ 18) 24 (7 +18) +4, 

The presence of the term +7)’ in w’ merely means a change of origin in 
the w’-plane; neglecting this temporarily, as before for w, we have 

w! =(y +28) 24 (xy +78) 2. 
Now let ' 

y tid = Ce, y' +18' = Ce", 
where CO, 0’, v, v' are real; then the condition yd’ — 7/6 =0 becomes 

CC’ sin (vy — v') = 0, 

so that either C=0, or C’=0, or v=yv’, giving three possibilities. 


The second of the three retained equations still has to be satisfied ; it 
involves derivatives of u and of w’, and it is satisfied identically by the fore- 
going values of u and w’, provided 


ads’ —a'd = By’ — By, 
or (what is the equivalent condition) provided 


AC’ sin (wu — v’) = A’C sin (p’ — v). 


9. Nine cases arise for consideration, because the three possibilities 
from the first of the retained equations must be combined with the three 
possibilities from the third of the retained equations. Each combination 
is governed by the last condition; and the expressions obtained must satisfy 
the conditions holding between p and o. Moreover, in the end, w and w’ 

are to be independent functions of the variables; and, for the present 


purpose of geometrical representation by a line, we manifestly may inter- 
change z with 2’, and w with w’. 


Of the nine combinations, two are impossible under these requirements, 
viz. A=0, C=0; and A’=0, C’=0. Four of them are equivalent to one 
another under these requirements, viz. A=0, v=v'; A’=0, v=v'; w=yp’, 
C=0; w=’, C’=0; and they lead to the expressions ° 

w=(Az+A’s)e", w =CZer. 
Two of them are equivalent to one another under these requirements, viz. 
A=0, C’=0; and A’=0, C=0; and they lead to the expressions 
w= Aze", w= C2 er. 
The remaining combination, viz. w= mw’, v=v’, under the requirements leads 
to the expressions 


w=(Az+ A’2')em, wi =(C2 + O'2’) em. 


All these expressions must still satisfy the terminal condition applying to p 
and o, viz. that p must be 0 or 1 when o is 0 or 1. When these expressions 
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are inserted for the functions f and g in the earliest equations in § 7, the 
latter lead to the relations 


Peele By po rd Py, 


o l-—o : 
PR +l — 9) 9 2p 4+ (1p) 6 
o l-—o ; 


and therefore 
pAew +(1—p) Cer’ _ pA’ +(1 —p) Ce" 


oc l-—o 


For the first of the expressions, this becomes 
pA pA’'+(1—p)C’ 
an l-o ; 
In order that p may be 1 when o is 1, we must have A’=0 and the 


necessity, that then p must be 0 when a is 0, imposes no further condition ; 
the expression becomes 


w=Aze", w=C'Ze, 
which is the same as the second. 


For the second of the expressions, the relation is satisfied without any 
further condition. 
For the third of the expressions the relation becomes 
pA+(l—p)C a4 


pA’+(1—p)C’ l-a 


In order that p may be 1 when o is 1, we must have A’=0; and in order 
that p may be 0 when a is 0, we must have C=0; the expression becomes 


w=Aze", w=C'2 er, 
the same as before. 
In obtaining this result, we neglected temporarily an arbitrary change 


of origin in each of the planes; and we assumed that z can be interchanged 
with 2’, and w with w’. Thus we have the result :— 


The only relations which give a birational transformation of the straight 
line, joining z and z in two parallel planes, into a straight line, joining w and 
w’ also in two parallel planes, either are 


w= aze + be, w' =a'ze* + ce", 


where a, a’, b, c, a, B, y are real constants, or can be changed into this form by 
interchanging z and 2’, or w and w’, or both. 


These relations, as equations in a general theory, are so trivial as to be 
negligible; and so we can assert generally that two functional relations 
F(u, w’, z,7)=0 and G(w, w’, z, 7)=0, which transform the variables z 
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and 2 in their respective parallel planes into the variables w and w’ likewise 
in their respective parallel planes, do not (save in the foregoing trivial cases) 
admit a birational transformation of the whole straight line joining 2 and 2’ 
into the whole straight line joining w and w’. 


10. Manifestly, therefore, we need not retain the suggested geometrical 
representation of two variables by the whole straight line joining the two 
points z and 2’, because the only effective part of the representation is 
provided by the two points in which the line cuts the planes. 


Nor would any other method of selecting the four real variables for the 
specification of the straight line be more effective. For example, the line 
would be uniquely selected by assigning a point where it cuts a given plane 
and assigning its direction relative to fixed axes in space; and then we 
could take 

2=a+y, 2=e%tand, 


with the usual significance for a, y, 0,¢. It is easy to see that, when we 
take a plane at unit distance from the given plane, and we write 2” =z+2, 
the former representation by the straight line arises for z and 2”. As 
before, the whole straight line is not an effective representation of the two 
complex variables; the only effective part of the representation is the 
point in the given plane and the direction relative to fixed axes. 
® 
11. Another method of constructing a straight line to represent two 
complex variables z and z’ has been propounded by Vivanti*, whereby it is 
given as the intersection of the two planes 


aX+yZ=1, 7V+y¥Z=1, 


where X, Y, Z are current coordinates in space. The immediate vicinity of 
a line 2, Z 1s assumed to be the aggregate of all lines such that 


(@— &)P + (y— YEO, (eC — a pr (2 = Yo) Jr? 


where r and 7’ are arbitrary small quantities; and the boundary of the 
vicinity is made up of the lines 


(@—mMYP+(y-—YP=Hr, (a —ay)l + (y' —y =r". 


It is easy to see that, as before, the whole straight line as a single 
geometrical entity is not an effective representation of the two complex 
variables z and 2’; the only effective part of the representation depends 
upon the coordinates of the two points in which the line cuts the planes of 
reference Y=0, X =0 (or any two of the coordinate planes). 


* Rend. Cire. Mat. Palermo, t. ix (1895), pp. 108—124. 
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12. The preceding investigation suggests cognate questions which will 
only be propounded. ‘Two functional relations, F(w, w’, z,2)=0 and 
G(w, w’, z, 2’)=0, transform a pair of points z and 2’, in parallel planes, 
into a pair (or into several pairs) of points w and w’, also in parallel planes. 
Let z and z be connected by any analytical curve; let a corresponding pair 
of points w and w’ also be connected by any analytical curve; and suppose 
that the two analytical curves have a birational correspondence with one 
another. Then 


(i) How are the equations of this correspondence connected, if at all, 
with the original functional relations? and what are these 
equations when the two analytical curves are assigned ? 

(i) What functional relations are possible if, under them, the whole 
z, z curve is to be transformed into the whole w, w’ curve ? 

(a) When functional relations are given and an analytical z, 2’ curve 
is assigned, what are the equations of the w, w’ curve, if and 
when the whole curves are transformed into one another ? 


13. One warning must be given before we pass away from the con- 
sideration of a line, straight or curved, as a geometrical representation of a 
couple of complex variables. The preceding remarks refer to the possibility 
of this geometrical representation; they do not refer to functions of two 
complex variables which are functions of a line. Functions of a real line 
occur in mathematical physics; thus the energy of a closed wire, conveying 
a current in a magnetic field, is a function of the shape of the wire. This 
notion has been extended by Volterra* on the basis of Poincaré’s general- 
isation of one of Cauchy’s integral-theorems. In the case of the integral 
of a uniform function of one complex variable, we know that the value is 
zero round any contour, which does not enclose a singularity of the function, 
and that the integral between two assigned points is (subject to the usual 
proviso as to singularities) independent of the path between the points; 
that is, the integral can be regarded as a function of the final point. So 
also (as we shall see) the integral of a function of two complex variables over 
a closed surface in four-dimensional space is zero if the surface encloses no 
singularity of the function; and when the surface is not closed, the integral 
(subject to a similar proviso as to singularities) depends upon the boundary 
of the surface; that is, the integral can be regarded as a function of the 
boundary-line. 

This property has nothing in common with the line-representation of 
two complex variables which has been discussed. 


14. The third of the indicated methods of representation of two complex 
variables is the effective relic of the discarded line-representation. It is the 
simple, but not very suggestive, method of representing the two variables z 


* Acta Math., t, xii (1889), pp. 233286. 
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and z’ by two points, either in the same plane or in different planes, the two 
points always being unrelated. It is the method usually adopted by Picard 
and others. For quite simple purposes, it proves useful; thus it is employed 
by Picard* in dealing with the residues of the double integrals of rational 
functions, and it is important in his theory of the periods of double integrals 
of algebraic functions. 


Let me say at once that the point-representation of z and 2’ is not 
completely satisfactory, in the sense that it does not provide a representation 
which gives a powerful geometrical equivalent for analytical needs. One 
illustration will suffice for the moment. It is a known theorem+t, due 
originally to Jacobi in a simpler form, that a uniform function of two 
variables cannot possess more than four pairs of periods. The point- 
representation of two variables admits of an effective presentation of simple 
periodicity for either variable or for both variables, of double periodicity for 
either variable or for both variables separately, of triple periodicity for both 
variables in combination; but (as will be seen later in these lectures) it 
does not lend itself to a presentation of quadruple periodicity for both 
variables in combination, a presentation which is much needed for functions 
so fundamental as the quotients of the double theta-functions. An attempt 
to circumvent the latter difficulty will be made later for one class of 
quadruply-periodic functions. But the general difficulty remains. There 
are other limitations also upon the effectiveness of the method of repre- 
sentation by points; they need not be emphasised at this stage. 


New ideas, or some uniquely effective new idea, can alone supply our 
needs. In the meanwhile, we possess only two fairly useful methods, 
viz., the method of four-dimensional space, and the method of two-plane 
representation. 


Properties of the two-plane representation. 


15. As the principal use of the representation of two variables’ in four- 
dimensional space occurs in connection with double integrals, illustrations 
can be deferred until that subject arises for discussion. We proceed now 


to make a few simple inferences from the two-plane representation of two 
variablest. 


We shall use the word place to denote, collectively, the two points in 
the z-plane and the z’-plane respectively which represent the values of z and 


* See the reference to the second treatise by Picard, quoted on p. 5. 

+ The general theorem is that a uniform function of m independent variables cannot possess 
more than 2n independent sets of periods. The simplest case, when n=1, was originally estab- 
lished by Jacobi, Ges. Werke, t. ii, pp. 27—32. For the general theorem, see the author’s Theory 
of Functions, § 110, § 239, where some references are given. 


+ For much of the investigation that follows, reference may be made to the author’s paper, 
quoted on p. 7. 
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of 2’. Let w and w’ be two independent functions of z and z’, so that their 
Jacobian J, where 


ips J(2 ) , 


/ 
Cee, 


does not vanish identically; and let the places z, 2’ and w, w’ be associated 
by functional relations. Any small variation from the former place, repre- 
sented by dz and dz’, determines a small variation from the latter place, 
which may be represented by dw and dw’; the analytical relations between 
these small variations are of the form 


dw= Adz+ Bdz, dw =Cdz+ Ddz’, 
where A, B, C, D are free from differential elements, and AD— BC=J. 


Next, let d,z and d,z’, d.z and d,z’ denote any two small variations from 
the z, 2’ place; and let d,w and dw’, d,w and dw’ denote the consequent 
small variations from the w, w’ place. Then 


dw, dw |=| Adjz+Bd,z, Cdz+Dd,z’ | 
d,w, d,w’ | | Ad,z+Bd,z, Cd,z+ Dd,z | 
=J | O12, G2.) 6 
| daz, dz’ 


Manifestly, if d,zd,2’ —d,zd,z vanishes, then d,wd,w' —d,wd,w' also 
vanishes; and the converse holds, because J is not zero. Hence if, at the 


place z, 2’, two similar infinitesimal triangles are taken in the planes of z 
and of 2 respectively, the corresponding infinitesimal triangles at the place 
w, w in the planes of w and of w’ respectively also are similar; and 
conversely. 


This property holds for all pairs of similar infinitesimal triangles; and 
therefore, when the z-plane and the z’-plane are put into conformal relation 
with one another, the w-plane and the w’-plane are also put into conformal 
relation with one another. This result is the geometrical form of the 
analytical result that, when the two equations 


PGW 2.2)—O0; Gum, 2,2 =U. 

determine w and w’ as independent functions of z and 2’, a relation 
¢ (z, 2) =0, involving z and z’ only, leads to some relation y(w, w') =0, 
involving w and w’ only. 

Another interpretation of the relation 
Se ee 7 | 

| ze ee | 
is as follows:—When w and w’ are two independent functions of two 
independent complex variables z and z’, and when d,2, d,z’, d,w, d,w’ are 


d,w, dw 


d,w, d,w’ 
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any one set of simultaneous small variations, while d,z, d,z’, d,w, d,w’ are 
any other set of simultaneous small variations, the quantity 
Giz dae 


Anh Une 


| dw, dyw' |+ 
dw, dw | 
is independent of differential elements and depends only upon the places 
Z, 2 and w, w’, 


16. The converse also is true, viz. :— 
Let z and z' be two complex variables, such that 
z=at+i, g=xe+u/, 
where a, y, x, y’ are four real independent variables ; and let w and w' be 
other two complex variables, such that 
w=utw wW=uw4+w, 
where u, v, uw, v are four real independent quantities, being functions of x, y, 
a’, y'; then, if the magmtude 
dw, dw’ "| One. es: 
dow, dw’ | d,z, dz’ 
for all infinitesimal variations, is independent of these variations, w and w' 
are independent functions of z and z alone. 


’ 


This property, which for two independent complex variables corresponds 
to Riemann’s definition-property* for functionality in the case of a single 
complex variable, can be established as follows. Let 


Ow Ow ow Ow 
on ie wae Age we Ble 
Cw a Ou sea OW! pO, ie 
daiqitts yume) Baking te, oy Ae 
so that 
dw =ada+ Bdy+yda' +6 dy’ 
dw’ =a'da + B’dy + y/da’ + one 
Then 
| d,w, d,w' 
| d,w, dyw 


Tes at ot ade + Bdyy + oda’ + Sd,y 
ad a+ Bdsy a y daa ae bday’, ada + B'dyy a yd.x + &dyy’ | 


=|a, a | da, dy |+]| a, @ Ay ®,, yt es a, a | | da, dy’ | 
| (Cages dt, doy) y, | dav, daa’ | etsy dt, doy’ | 
+| 8, & | d,y, de |+\| 8, B | ay hy |+)y% || da’, dy’ 
y, day, Oaa. 6,8. || day, day’ | On tee | da’, dey’ 


* Riemann’s Ges. Werke, p. 5. 
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Also 
| a. The 


d,Z, dz’ 


ee d, 2’ +id,y 
d,a+td,y, doa’ + tdoy’ 


dx, de’ \+i| dy, dw’ 
d,&, px’ | doy, da 


+4 


d,2, dyy’ | — dy, dy ' 
d,x, diy’ | dyy, day’ 

These two quantities are to stand to one another in a non-vanishing ratio, 
which is independent of the arbitrarily chosen differential elements that 


occur in them. Consequently, when we denote this ratio by J, we must 
have 


af’ —a’B =0, 
ary’ —a'y =J, 
ad’ —a6 =, 
By! — Bly = 0, 
Bo — Bs=—ZJ, 
ys — 7S=0; 


and these necessary conditions also suffice to secure the property. 
The first of these conditions shews that a quantity m exists such that 

B=ma fP=ma; 

and the sixth shews that a quantity n exists such that 
d=ny, 8 =ny’. 
The third condition then gives 
id =ad’—a’d=n (ary —a'y) =n ; 
the fourth and the fifth conditions similarly give 
id =mJ, —J=mn; 

and the second condition gives the value of J. Thus all the conditions are 


satisfied if 
m=t, n=t, J=ay —a’y. 

But now 

Le ne es iy en 

Cpe 2 Or oye e oa 
and these are the only equations affecting w alone. The theory of partial 
differential equations of the first order shews that their most general in- 
tegral is any function of «+ 7y and of # + wy’ alone, that is, w is a function 


of z and @ alone. Similarly 
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j 
and these are the only equations affecting w’ alone; hence, as before, w 
also is a function of z and z’ alone. Moreover, we now have 


Ow ow _ ow dw 

Oz Ou 2 02’ Oa’ Y 
au’ oy bul ou’ _, 
Oy Ons 1 oe et ee 


and therefore 
Ow ow’ e Ow ow’ 
dz 02’ «02 Oz 


J =a —ay= 


Also J is a non-vanishing quantity. Hence w and w’ are independent 
functions of z and 2’ alone—which is the result to be established. 


17. The Riemann definition-property for a function of a single complex 
variable leads to a relation 
bw bz. 
Sw iz’ 
this relation, when interpreted geometrically, gives the conformal repre- 
sentation of the w-plane and the z-plane upon one another, The property 
just established in connection with the quantity 


d,z.d,z’ — d,z.d,2’ 
has a corresponding geometrical interpretation. 


For simplicity, let z and z be represented in the same plane. At any 
point O in the plane, take OA, OB, OC, OD to represent d,z, d,2’, d,z, d,2’. 
Along the internal bisector of the angle between OA and OD, take OP 
a mean proportional between the lengths OA and OD; and along the 
internal bisector of the angle between OB and OC, take OQ a mean 
proportional between the lengths OB and OC. Complete the parallelo- 
gram of which OP and OQ are adjacent sides; let M denote the product 
of the lengths of its diagonals, and let @ denote the sum of the inclinations 
of those diagonals to the positive direction of the axis of real quantities ; 
then 

d,z.d,2’ — d,z.d,2’ = Me™. 
Constructing a similar parallelogram in connection with the variations of 
w and w’, we should have 


d,w.d,w' — d,w.d,w’ = Ne®*. 
Consequently 
Net = J Me™. 
Now let two sets of pairs of small variations of z and z’ be taken, 


one of them leading to a quantity Me*, the other of them leading to a 
quantity M’e**; and let the corresponding quantities, arising out of the 
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two sets of pairs of the consequent small variations of w and w’, be Ne* 
and N’e**, Then 
Net’ =JMe*, Ne#*= JM'e%, 

and therefore 

Nie Me , ) 

Nani aiae pea il ¢ 
which is the extension, to two functions of two variables, of the conformation 
property for a function of one variable. Moreover, the extension is deter- 
minate; for the parallelogram, constructed to give the representation of 
d,z.d,z —d,z.d,z’, is unique in magnitude and orientation. 


18. While a geometricai interpretation of functionality can thus be 
provided at any place in the two planes of the independent variables, 
a limitation upon the general utility of the method is found at once when 
we proceed to the transformation of equations. It does not, in fact, provide 
any natural extension of the transformation of loci and of areas which occurs 
when there is only one complex variable. 


Thus consider the periodic substitution 

ef2=wt+w, 2/f/2=w-w, 
which gives 

wW2=2+2, wf®=2—~2', 
Corresponding to any z, z place, there exists a unique w, w’ place. But 
the combination, of a definite locus in the z plane unaffected by variations 
of 2’ with a definite locus in the 2’ plane unaffected by variations of z, does 
not lead to similar loci in the planes of w and of w’. Thus suppose that z 
and z’ describe the circles 

zg=ae®, z#=ae%* 


in their respective planes; the corresponding ranges in the w and w’ planes 
are given by the equations 

(ut+wyP+utyyP=2a, (u—wyP+(v—v'yP = 2a”, 
neither of which gives a locus in the w plane alone or in the w’ plane 
alone. The z circle and the 2 circle, which can be described by the 
respective variables independently of each other, determine 2»? places in 


the w and w’ planes combined, but there is no locus either in the w plane 
alone or in the w’ plane alone corresponding to the two circles. 


Again, the content of the field of variation represented by 
z\<a, |/|<a 
can be described very simply; it consists of the o* places given by com- 


bining any point within or upon the z circle with any point within or 


2—9 
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upon the z’ circle. When this field of variation is transformed by the 
periodic substitution, the new field of variation is represented by 

ju tw |<aV/2, !w—w'|<a' V2; 
it consists of co 4 places in the w and w’ planes, each corresponding uniquely 
to the appropriate one of the oo* places in the z and z planes; but there 
is no verbal description of the w, w’ field so simple as the verbal description 
of the z, z’ field which has been transformed. 


Analytical expression of frontiers of two-plane regions. 


19. One consequence emerges from even the foregoing simple illus- 
tration, and it is confirmed by other considerations. 

When we have a four-fold field of variation such that places in it are 
represented by a couple of relations 


b (2, @,Y)<9, bay #, y') <0, 
the three-fold boundary of the field consists of two portions, viz. the range 
represented by 

(ey 2, y)=0, vay, wv, y/) <9, 
and the range represented by 

b (0, y, #1, Y)<9, Vay #,y)=0. 
These two portions of the three-fold boundary themselves have a common 
frontier represented by the equations 

(2, y@, Y)=0, pay”, y)=9, 
which give a two-fold range of variation. This last range is a secondary or 
subsidiary boundary for the original four-fold field; to distinguish it from 
the proper boundary, we shall call it the frontier of the field. 

Accordingly, we may regard the frontier of a field of the suggested kind 

as given by two equations 


(eye, y)=0, v(a,y, wy) =0. 
(The simpler case of unrelated loci in the planes of z and of 2’ arises when 
g@ does not contain «’ or y’, and Y does not contain # or y; and, at least 
when ¢ and w are algebraic functions of their arguments, the foregoing 
relations can be modified into relations of the type 


O(a, y, 2 )=0, O(a, y, ¥) = 0, 
or into relations of the type 
x(%, 2, y)=0, xy, 2, y') =0, 
which are equivalent to them.) Now this form of the equations of the 


frontier of the field possesses the analytical advantage that, when the 
variables are changed from z and 2’ to w and w’ by equations 


F(u,w', z,2)=0, G(w, w’, z, 7)=0, 
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the equations of the frontier of the w, w’ field are of the same type as 
before, being of the form 

P (u,v, u,v)=0, Vu, v, wv’, v’)=0, 
It is necessary to find some analytical expression of the doubly-infinite 


content of these equations. In the special example arising out of the 
periodic substitution in § 18, we at once have the expressions 


u/2=acos0+a'cos 6, u’/2=acos 0—«@ cos, 
vV2=asn0+a sind’, v/2=asin@—a'sin G, 
giving the doubly-infinite range of variation for w, v, u’, v’', when 6 and 6’ vary 


independently. But when the equations of the frontier do not lead, by 
mere inspection, to the needed expressions, we can proceed as follows. 


Let a, y, a’, y’ =a, b, wv’, b’ be an ordinary place on the frontier given 
by the equations ¢=0 and w=0, in the sense that no one of the first 
derivatives of ¢ and of yy vanishes there ; and in its vicinity let 

z=a+& y=b+yn, #=a+f, Y= +7’. 


Then we have 


: 0 Pall 
0=F 2 +n Bae ff tbe Baht 


sate etber 0 + [En Es abt on 


there being only a finite number of terms when ¢ and w are algebraic in 
form. Introduce two new parameters s and t, and take 


s=&a+78 gee 
t = a’ + 78’ + Ey +7/6 


where a, 8, y, 5, a’, 8’, 7’, are constants such that the determinant 


0p db db df 
0a bos nda? eb’ 
Op ov op oy 


da’ 0b? oa” ob’ 
a Bi is 1 <6 
a , B’ y/ Ni 
does not vanish. Then the four equations can be resolved so as to express 
E, n, &, y’ in terms of s and t; owing to the limitations imposed, the deduced 
expressions are regular functions of s and ¢, vanishing with them; and so we 


have each of the variables a, y, «, y’, expressed as functions of two real 
variables s and ¢, regular at least in some non-infinitesimal range. 
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In order to indicate the two-fold variation in the content of the frontier, 
it now is sufficient to consider regions of variation in the plane of the real 
variables s and ¢. Thus, corresponding to a region in that plane included 
within a curve k(s, t)=0, there are frontier ranges of variation in the z 
and the 2’ planes, determined respectively by the equations 


x—a=p(s, t) a’ -a =p (s, t) 
y—b=4q(s, thr, y —b=¢q (st) 7, 
eee eel 


that is, by the interiors of curves 
f(ce-—a,y—b)=0, g(#’-a,y'—b)=0, 
the current descriptions of these interiors being related. 


Moreover, the equations # = 0 and G=0 potentially express wu, v, u’, v in 
terms of a, y, #’, y’; and so the frontier range of variation in the w and w’ 
planes would be given by substituting the obtained values of a, y, a’, y’, 
as regular functions of s and ¢, in the expressions for u, v, w’, v’, that is, the 
frontier range of variation is defined by equations of the form 


u, v, vw, v' = functions of two real variables s and t. 


But, in dealing with the geometrical content of the frontier, whether with 
the variables z and z’ or with the variables w and w’, care must be exercised 
as to what is justly included. We are not, for instance, to include every 
point within the curve f(#—a, y — b)=0 conjointly with every point within 
the curve g (a —a’, y’— b’)=0, even if both curves are closed; we are to 
include every point within either curve conjointly with the point within the 
other curve that is appropriately associable with it through the values of s 
and t. 


Ex. 1. The method just given for the expression of 2, y, x’, y' is general in form; but 
there is no necessity to adopt it when simpler processes of expression can be adopted. 
Thus in the case of the equations 


e+P+e%=1, v-yay, 
a complete representation of the variables is given by 
=sinscost, y=sinssint, w'=coss, y’=sin*s cos 2, 
A full range of variation in the plane of s and ¢ is 
Ofsenr, VSt< Iz. 
When we select, as a portion of this range, the area of the triangle bounded by the lines 


s—t=0, stt=tr, t=0, 
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the limiting curves corresponding to f=0 and g=O are a curvilinear figure made up 
of a straight line and two quarter-circles in the z-plane, and another curvilinear figure 
in the z-plane made up of a parabola and arcs of the two curves 


y= (1-2) (2x1), y= - (1-2) 22-1), 


Ha. 2. For the periodic substitution 
wWiI/=2+2, wi /2=7z—Z, 
a z, @ frontier defined by the equations 
Wii, getoy ll. 
is transformed into a w, w’ frontier defined by the equations 
wpuw2=1, v+v2=1; 
that is, the frontier is conserved unchanged. 


Ex. 3. To shew how a field of variation can be limited, consider the four-fold field 
represented by the equations 
w+y+n2<1, 274+3y?+y7<=1. 
As regards the z-plane, the first equation allows the whole of the interior of the circle 
az*+y=1, The second equation allows the whole of the interior of the ellipse 2x? + 3y?=1. 


The region common to these areas is the interior of the ellipse ; hence the content in the 
z-plane is the interior of the ellipse 27?+3y?=1, so that x? ranges from 0 to $, and y? 


ranges from 0 to i. 
As regards the z’-plane, we have 
802 —Y2=2— 47, Qa'2@—y®=1+y?, 
Because of the range of «’, the first of these equations gives the region between the two 


hyperbolas 
80% —y'2=2, 3x?2—-y?=3. 


Because of the range of y?, the second of these equations gives the region between the two 


hyperbolas 
DEV e te A 


The required content in the ¢’-plane is the area common to these two regions ; that is, it 
is the interior of two crescent-shaped areas between the hyperbolas 


207% —Y2=), 3e/2—y2=2. 

The whole field of four-fold variation of the variables z and 7 is made by combining 
any point within or upon the first ellipse with any point within or upon the contour of 
each of the crescent-shaped areas. 

EH. 4. Discuss the four-fold field of variation represented by the equations 

vy? + 2a (au' +yy') < k, 
vy"? +20 (ay' — ya’) <0. 


20. The last two examples will give some hint as to the process of 


estimating the field of variation when it is limited by a couple of frontier 


equations in the form 


O(2,y,%)=0, O(@,y, y')=9, 
or in the equivalent form 


v(0,0,y)=0, X(y,a#,y')=0. 
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We draw the family of curves represented by @=0 for parametric values 
of a’; for limited forms of 0, there will be a limited range of variation for 
a and y, bounded by some curve or curves. Similarly, we draw the family 
of curves represented by ®@=0 for parametric values of y’; as for @, so for ®, 
there will be a limited range of variation for 2 and y, bounded by some other 
curve or other curves. Further, the equations y= 0 and X =0 may impose 
restrictions upon the range of a and the range of 7, which are parametric 
for the preceding curves. In the net result for the z-range, when subject to 
the equations 0= 0 and @=0, we can take the internal region common to all 
the interiors of these closed curves. 


The same kind of consideration would be applied to the equations x =0 
and X=0,so as to obtain the range in the z’-plane as dominated by these 
equations. 


And the four-fold field of variation for z and 2’ is obtained by combining 
every point in the admissible region of the z-plane with every point in the 
admissible region of the z’-plane. 


Note. In the preceding discussion, a special selection is made of the four-fold fields of 
variation which are determined by a couple of relations ¢ < 0, ~< 0. 


It is of course possible to have a four-fold field of variation, determined by a single 
relation ¢<0. The boundary of such a field is given by the single equation @=0; there 
is no question of a frontier. 


It is equally possible to have a four-fold field of variation, determined by more than 
two relations, say by ¢ <0, ~< 0, <0. The boundary then consists of three portions, 
given by $=0, ~p<0, x<0; <0, P=0, x<0; G<O, WSO, x=0. The frontier 
consists of three portions, given by <0, ~=0, y=0; $=0, <0, y=0; G=0, P=0, 
x <0. And there could arise the consideration of what may be called an edge, defined by 
the three equations @=0, ~=0, y=0. 

Sufficient illustration of what is desired, for ulterior purposes in these lectures, is 
provided by the consideration of four-fold fields determined by two relations. 


CHAPTER, II 
LINEO-LINEAR TRANSFORMATIONS: INVARIANTS AND COVARIANTS 


Inneo-linear transformations. 


21. WHATEVER measure of success may be attained, great or small, with 
the geometrical representation, the analytical work persists; the geometry 
is desired only as ancillary to the analysis. So we shall leave the actual 
geometrical interpretation at its present stage. 


The fundamental importance of the lineo-linear transformations of the 


type 
__ az+b 


(7h 
cz+d 


in the theory of automorphic functions of a single variable is well-known. 
We proceed to a brief, and completely analytical, consideration of lineo- 
linear transformations of two complex variables*, shewing the type of 
equations that play in the analytical theory the same kind of invariantive 
part as does a circle or an arc of a circle in the geometry connected with 
a single complex variable. 


These lineo-linear transformations between two sets of non-homogeneous 
variables have arisen as a subject of investigation in several regions of 
research. Naturally, their most obvious analytical occurrence is in the 
theory of groups. When the groups are finite, they have been discussed 
for real variables by Valentiner+, Gordan{, and others; they are of special 
importance for algebraic functions of two variables and for ordinary linear 
equations of the third order which are algebraically integrable§. Again, 
and with real variables, they arise in the plane geometry connected with 
Lie’s theory of continuous groups||._ They have been discussed, with complex 


* For much of the following investigation, as far as the end of this chapter, reference may 
be made to the second of the author’s papers quoted on p. 1. 

+ Vidensk. Selsk. Skr., 6 Rekke, naturvid. og math. Afd., v., 2 (1889). 

+ Math. Ann., t. lxi (1905), pp. 453—526. 

§ See the author’s Theory of Differential Equations, vol. iv, ch. v. 

|| Lie-Scheffers, Vorl. 2. cont. Gruppen, (1893), pp. 13—82. 
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variables, by Picard* in connection with the possible extension, to two in- 
dependent variables, of the theory of automorphic functions. And a memoir 
by Poincaré has already been mentioned F. 


22. We take the general lineo-linear transformation (or substitution) 
between two sets of complex variables in the form 
Ww 2 w .. if 
a+boe +e ae+07+¢ a’z+0 7 +e 


1) 


where all the quantities a, b, ¢, a’, 0’, ¢’, a”, b”, c” are constants, real or 
complex. The first step in the generalisation of the theory for a single 
variable is the construction of the canonical form; and this can be achieved 
simply by using known results in the linear transformations of homogeneous 
variables. For our purpose, these are 

Y, = aa, + ba, + Cas, 

Y= aa, + Dax, + Cas, 

Ys = Oat, + Oa, + as, 
so that we have 


The quantities w and w’ are independent functions of z and z’; and there- 
fore the determinant 


ae, pia oe 


denoted by A, is not zero. As a matter of fact, 


J(28 A 


Riae 


2,2 ce z+c") 
The equation 


Cc io 
a , W-8@, C 
é ae 


is called the characteristic equation of the substitution. This characteristic 
equation is invariantive when the two sets of variables are subjected to the 
same transformation ; that is to say, if we take 


iis See, ee 1 
aw+ Bw’ +y awt Buty a’wt Bw" a of ; 
Z Z' it 


az+ Baty aet Bid +9 ae + BUG 4”? 
* Acta Math., t. i (1882), pp. 297—320; ib., t. ii (1883), pp. 114—135. 
+ See the reference on p. 1, 


} Jordan, Traité des substitutions, Book ii, ch. ii, § v; Burnside, Theory of groups, (2nd ed. 
1911), ch. xiii. ; 
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and express W and W’ in terms of Z and Z’, the characteristic equation of 
the concluding substitution between W, W’, Z, Z’ is the same as the above 
characteristic equation of our initial substitution between w, w’, z, 2. 


There are three cases to be discussed, according as the characteristic 
equation, which is of the form 


—-A,@+A,0d—A=0, 
has three simple roots, or a double root and a simple root, or a triple root. 
Case I. Let all the roots of the characteristic equation be simple; 


and denote them by @,, 6, 6;. Then quantities a,:8,: y,, determined as 
to their ratios by the equations 


Ad, + WB, + WYy = 0, Ay , 
ba, ta vB, =F by, sae OG 8e, 


COp + ger ar (EGE = Or > 
are such that, if 


Y,= ArYi + Br Yo + Yrs, Xp = UL, + Bp Lo + Yr Xs, 
Y, = 0,X-. 
The canonical form of the homogeneous substitution is 
Y, = OrXG, Vee O;.X 3 


and so the canonical form of the lineo-linear transformation is 


we have 


aw + Bw" ate V1 = a2 SP Biz = yt 


asw + Byw' + ys Q,2 + B32’ + 95 
aw + Bow’ + Yo Ae + Boz’ + % 


aw + Bw’ + ¥5 eR ie Ys 
where the quantities \ and y, called the multipliers of the transformation, 
are 


Ehlers 

= ihe BK = a? 

being the quotients of roots of the characteristic equation. The multipliers 
are unequal to one another, and neither of them is equal to unity. 


r 


This canonical form can be expressed by the equations 
W=rdZ, W=pZ’, 


Case II. Let one root of the characteristic equation be double and 
the other simple; and denote the roots by 0,, 0, @;. The canonical form 
of the homogeneous substitution is 

Y,=6,X,, Y,=«X,+0,X%, Y,=0,X;, 
where the forms of the variables X and Y are the same as in the first case ; 
and the constant «, in general, is not zero. 
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The canonical form of the lineo-linear transformation is of the type 


W=rdZ, W'=2d2'+aZ, 
where 


and the constant o, in general, is not zero. The repeated multiplier » is 
not equal to unity. 


Case III. Let the characteristic equation have a triple root 6. The 
canonical form of the homogeneous substitution is 


Y,=0X,, Y,=aX,+0X,, Y,;=BX,+yX.+ O43; 
and the canonical form of the lineo-linear transformation is of the type 
W=Z+p, W=2'4+0Z447, 
where the repeated multiplier is unity, and the constants p, ¢, 7, in general, 


do not vanish. 


23. Any power of the transformation can at once be derived from its 
canonical form. Let the transformation be applied m times in succession, 
and let the resulting variables be denoted by w,, and w,’; then 


Wm + BW +7; — ym 2+ Biz +91 


AsWm + BsWm + 3 32 + Baz + ¥3 ; 
A, Wm + BoWm + Ye — ,m 2" + Boz’ + Yo 


Wm + BsWm +s as 32 + B32 + Ys" 


expressing w,, and w,,’ in terms of z and 2’. 


When >A”=1 and w”™=1, the mth power of the transformation gives 
an identical substitution. For then 


Wm + ByWm + i _ Wm + BoWm + Yo _ Wm + BsWm + Ys 
Het Bae+y M2 + By2’ + yo a,2+ Bz’ +, ° 
When each of these three equal fractions is denoted by p, we have 
Ot, (Wm — pz) + By (Wm — pz’) +m (1 — p) =9, 
Oy (Wm — pZ) + Bo (Wm' — p2’) + 2 (1 — p) =0, 
As (Wm — p2) + Bs (Wm — p2’) +3 (1 - p) =0. 
The determinant of the coefficients a, 8, y is not zero, because otherwise 


the canonical form of the original transformation would contain only one 
independent equation; hence 


Wm — p2=0, Wm —pz’=0, 1-p=0, 
that is, 
Wm = 2, Wm = 2, 
shewing that the mth power of the original transformation gives an identical 
substitution, if A =1 and w”=1. 
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Invariant centres. 


24. Certain places are left unaltered by the lineo-linear transformation 
between the z, 2 field and the w, w’ field. On the analogy with the 
corresponding points in the homographic transformation w (cz+d)=az +b, 
these unaltered places may be called double places or (because repetitions 
of the transformation still leave them unaltered) they will be called the 
invariant centres of the transformation. 


Returning to the initial form of the transformation, and denoting any 
invariant centre by € and ¢’, we have 


at+ bf’ +c =, 
at+UC +¢ =06', 
aE +0°C' +0" =@ 
with our preceding assumptions, 6 manifestly is a root of the characteristic 
equation. Hence when all the roots of this equation are simple, we generally 
have three invariant centres, say € and ,’, ¢ and 6’, €, and &,', associated 
with 6,, @,, 6; respectively. It is easy to verify that 
A (4263 + Boba’ + ry) 
= (Ad, + WB, + wy) G + (ba, + bBo + b’y2) Gy + Co, + 6’ Bo + 6% 
= 0, (40, + Bobi + y2), 


so that, as 0, and 6, are unequal, we must have 


On, + Paty + ¥2= 0: 
Similarly 
as, + Psy +3 = 0, 
mG + Bio +n + 0. 
Thus the invariant centres are given by the equations 
0+ Bod + y=0 
a0 + BO +73= i 
as Co + Bs oo + Ys = of 
mo + Bio +y=0 
%O;+ Bio +m =0 
A203 + Bots + 2 = aI 


a result which can be inferred also from the canonical form of the trans- 
formation. 


while 


In deducing this result, certain tacit assumptions have been made as to the exclusion 
of critical relations. It will easily be seen that the transformation 


wI/2=2+2, w /2=2—Z, 


is not an example (for the present purpose) of the general transformation. 
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Manifestly, we can take 


w,w,1\|+| wv, w, 1|=r Bae glee ls 
peal a aly ong 
&, os, Cae Cael 1 Ss, Oe Copter 
w,w, 1 |+| w, w’, 1 = rae: ea | | Bg Poop es Is 
aa t aie ous meite ret 
Gea Sie Cotas | Creer | Go Sao L 


as a canonical form of the lineo-linear transformation. 


This canonical form leads at once to an expression of the relations 
between the two sets of variables in the immediate vicinity of the invariant 
centres. Near ¢ and &’, we have 


z=O+ 2, 2= (6 +02, w= Cr bw, w=G'+ bw’, 


hw dw ll bz 6,2’ 
GaNG geri lene Beet 

6,w 5 uw te \Ore 8,2 
Bata eRT NC a, 


Near & and &,, we have 


where 


a — b + OZ, Z — Ge a Oo2, w= G oo 6,W, w = me + byw’, 


where 
ow z 5,w » 652 a a7 

ComiCg. Cn a= (oar Ge aah 

dw hw 1 | 652 6,2 


bee ( 
StS Ce 


Near & and &’, we have 


2=6,46:2, 2=G +82, w=64+6,w, w'=G/+d,w’, 
where 


5,0 S Sy ( d,2 8,2’ 
B-G& OG Men E- ee 


6,0 bw 632 832 
o = a 6, — Gs ie: haa: ie ayia 


Moreover this new canonical form, involving explicitly the places of the 
invariant centres in their expressions, shews that the assignment of three 
invariant centres and two multipliers is generally sufficient for the con- 
struction of a canonical form of a lineo-linear transformation of the first 
type. 
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Hz. 1. Some very special assignments of invariant centres may lead to equations that 
do not characterise lineo-linear transformations. The resulting equations, in that event, 
belong to the range of exceptions. 


Thus, if we take 
(i=l | (2=a | (3=a" | 
’ > ’ 
G=-1 (= —a (3 = —a? 


where a is neither zero nor unity, and if we assign arbitrary multipliers A and yw different 
from unity and different from one another, the canonical equations can be satisfied 
only by 

w+w=0, z2+7=0, 
which is not a lineo-linear transformation of the z, 7 field into the w, w’ field. 


Other special examples of this exceptional class can easily be recognised. One 
inclusive example is given by the relations 


Ca — Cs — Ga= Sor, fads — CoCo! ’ ey 
ae Sa So _ sats Att | ui =0; 
Ce SES = Ses 2 ; 


and then the equations acquire the unsuitable form 
Aw— Bu'+C=0, Az—B7/+C=0. 


Ex. 2. When neither point in any one of the three invariant centres is at infinity, 
we can (by unessential changes of all the variables that amount to change of origin, 
rotation of axes, and magnification, in each of the planes independently of one another) 
give a simplified expression to the canonical form, 


Suppose that no one of the quantities G, (1, @, ©’, ¢3, G/ then is zero; alternative 
forms, when this supposition is not justified, are left as an exercise. We then transform 
the z-plane and the w-plane by the congruent relations 

2-G=(@-0)4 w-G=(%-&) W; 
and we transform the z-plane and the w’-plane by the congruent relations 
=O =(G'- 01) 4, WG = (Ge - 01) 
All of these are of the type just described ; they require the same change of origin, the 
same magnification, and the same rotation, for the z-plane and the w-plane; and likewise 
for the 7-plane and the w’-plane. The effect of the transformation is to place, in the 
Z, Z' field and the W, W’ field, two of the invariant centres at 0, 0 and 1, 1. 
The third invariant centre then becomes a, a’, where 


Pak Sona a NOG el 

Cur Ceti 
The equations, in a canonical form, of the lineo-linear transformations of the Z, Z’ field 
into the W, W’ field, having 0,0; 1, 1; a, a’; for the invariant centres, are 


We eS a he here a 

a Ie aie al 

ae aye » 1% an 
W— W' = 4-Z 


Wa — W'a_ Zad—Za 
| | ey ay te 
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where \ and p» are different from one another and where (so far as present explanations 
extend) neither A nor p is equal to unity. 


But it must be remembered, in taking these equations as the canonical form, that 
definite (if special) identical modifications of the z-plane and the w-plane have been made 
simultaneously, and likewise for the z’-plane and the w-plane. The result of these 
modifications, in so far as they affect the original lineo-linear transformation, is left for 
consideration as an exercise. 


Invariantive Frontiers. 


25. In the theory of automorphic functions of a single complex variable, 
it proves important to have bounded regions of variation of the independent 
variable which are changed by the homographic substitutions into regions that 
are similarly bounded. Thus we have the customary period-parallelogram for 
the doubly-periodic functions ; any parallelogram, under the transformations 


W=2+0,, W=2Z+ @o, 


remains a parallelogram and—with an appropriate limitation that the real 
- part of @,/@, is not zero—the opposite sides of the parallelogram correspond 
to one another. Similarly a circle or a straight line, under a transformation 
or a set of transformations of the type 
(ce +d)w=az+b, 

remains a circle or sometimes becomes a straight line; and so we can 
construct a curvilinear polygon, suited for the discussion of automorphic 
functions. These boundary curves—straight lines and circles—are the 
simplest which conserve their general character throughout the trans- 
formations indicated; they are the only algebraic curves of order not 
higher than the second which have this property. They are not the only 
algebraic curves, which have this property, when we proceed to orders higher 
than the second; thus bicircular quartics are homographically transformed 
into bicircular quartics. 


For the appropriate division of the plane of the variable, when auto- 
morphic functions of a single complex variable are under consideration so 
as to secure an arrangement of polygons in each of which the complete 
variation of the functions can take place, other limitations—such as relations 
between constants so as to secure conterminous polygons—are necessary. 
They need not concern us for the moment. What is of importance is 
the conservation of general character in the curve or, what is the same 
thing, conservation of general character in the equation of the curve, under 
the operation of a homographic transformation. 


26. Corresponding questions arise in the theory of functions of two 
complex variables. We have already seen that, when a z, z’ field is determined 
by two relations, its frontier is represented by a couple of equations between 
the real and the imaginary parts of both variables; and therefore what 
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is desired, for our immediate illustration, is a determination of the general 
character of a couple of equations which, giving the frontier of a z, z’ field, 
are changed by the lineo-linear transformation into a couple of equations 
which, giving the frontier of a corresponding w, w’ field, are of the same general 
character for the two fields. The invariance of form of such equations, at 
any rate for the most simple cases, must therefore be investigated. 


We shall limit ourselves to the determination of only the simplest of 
those frontiers of a field of variation which are invariantive in character 
under a lineo-linear translation. Also, we shall consider only quite general 
transformations; special and more obvious forms may occur for special trans- 
formations, such as those contained in the simplest finite groups. Accordingly, 
in the equations 

Ww 7 w = 1 
az+be/+co azt+b7t+c a’z+b'7 4c’ 


we resolve the variables into their real and imaginary parts, viz. 
z=a2+uy, g=a+ty, w=utwv, w=w4+w,; 
and we require the simplest equations of the form 


(24,0, y)=0, b(ay, vy) =9, 
which, under the foregoing transformation, become 
Dus =O) VL wv) = 0, 


where ® and WV are of the same character, in degree and combinations of 
the variables, as ¢ and y. Moreover, the constants in the transformation 
may be complex; so we write 

b, 14b,, C= + te3, 

G= a +20; OC =iby aby ce Se ty 


he = a,” + ete 6” = be aL abs, Cu = C,” oh aC, 


a@=a+ ia, O 


in order to have the real and imaginary parts. Lastly, let 


N, = ae + ba’ — ay — by +a, Ny = ae + ba’ + ay + by + c, 
Ny — a, x + b,x’ = dy ¥ a boy’ ar Cte N, = Ag @ aF by a’ + ay + by’ + Ce 


Ny" = ay" + ba = aty’y — by + 0y", Ny! = ag" + dg" + ayy + yy + 05"; 
D= Nf? + NY; 
then the real equations of transformation are 
= NGG ON GdV 5 
Dy = NzNy — NN, 
Dia NeN NN, 
Di = NN NN. 
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Further, we have 
D(w 4+ v) = Ni? + NV. 
D (uu +’) = NN + NN, 
Diu’ —u'v)=N, NY - NLNY, 
Diu? +9°) = Ni" + Ns. 


These equations express each of the quantities u, v, wv’, v', u® + v%, wu’ + ov’, 
uy —w'v, w?+v", in the form of a rational fraction that has D for its de- 
nominator. The denominator D and each of the numerators in the eight 
fractions are linear combinations (with constant coefficients) of the quantities 
Lay wv, y, @+y, ve + yy’, vy — ay, 2? +y”. 


The same form of result holds when we express @, y, 2’, y’ in terms of 
u, v, w, v; any quantity, that is a linear combination of 1, a, y, 2, y’, 
e+y, wa + yy’, cy —a'y, &+y", comes to be a rational fraction the 
numerator of which is a linear combination of 1, wu, v, w’, v', w+, uu’ +00’, 
uv —wv, w’+v?; the denominator is a linear combination of the same 
quantities, and is the same for all the fractions that represent the values 
of zy, a, y, e+y, vv + yy’, ey — ya’, w?+y". Consequently, any equation 


A (a? + y?) + CO (aa' + yy’) + D (ay — yx’) + B (a? + y”) 
+ Ha + Fy + Go'+ Hy = Kk 
is transformed into an equation 


A’ (u? + v?) + C' (uu’ + vv’) + D’ (we — w'v) + B’ (wu? + v”) 
+ Hut Fo+@Gw+HHv=k’, 
where all the quantities A, ..., K are constants, as also are A’, ..., K’, 


each member of either set being expressible linearly and homogeneously 
in terms of the members of the other set. 


27. Thus the transformed equation is of the same general character, 
concerning combinations and degree in the variables, as the original equation ; 
and there is little difficulty in seeing that it is the equation of lowest degree 
which has this general character of invariance. Further, two such simul- 
taneous equations are transformed into two such simultaneous equations of 
the same character, 


This is the generalisation of the property that the equation of a circle 
is transformed into the equation of another circle by a homographic sub- 
stitution in a single complex variable. 


Accordingly, when a z, 2’ field having a frontier given by two equations 
of the foregoing character is transformed by a lineo-linear transformation into 
aw,w’ field, the frontier of the new field is given by two similar equations, 
We define such a frontier as quadratic, when it is given by equations 
of the second degree in the variables; and therefore we can sum up the 
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whole investigation by declaring that a z, 2 field, which has a quadratic 
frontier, is transformed by a lineo-linear transformation into a w, w' field, 
which also has a quadratic frontier. 


28. One special inference can be made, which has its counterpart in 
homographic substitutions for a single variable, viz., when all the coefficients 
in a lineo-linear transformation are real, the axes of real parts of the com- 
plex variables in their respective planes are conserved. For when all the 
constants are real, we have 


wD = (a"b — ab”) (ay’ — a'y) + (ac” — ac) y + (be”’ — b’c) y’, 

vD = (ab! =e ab”) (ay' Ps xy) te (a'c” as ac’) y db oes aa b’c’) Yy ; 
and therefore the configuration given by y=0 and y' =0 becomes the 
configuration given by v=0 and vy =0. The converse also holds, owing 
to the lineo-linear character of the transformation. 

These axes of real quantities in the planes of the complex variables 
are, of course, an exceedingly special case of the general quadratic frontier, 
which can be regarded as given by the two equations 

A, (a? + y?) + B, (a"* +-y) +O, (ax! + yy') + D, (ay' — 2'y) 
+ fiet+ Fyt+Ge+ hy=K, 
A, (a? + y2) + By(a® +") + Os (aa! + yy’) + D, (ay! — 2'y) 
+ Hoa+ Fiy + G.e+ Hy = Ky. 
Let Z and Z’ be the conjugates of z and z respectively, so that 
Z=u—-—t, Z=a -ty'; 
then the general quadratic frontier can also be regarded as given by the 
. equations 
A,2e+ Bee + Of227' 4+ D/2z4+ H'2+ F/7+ G/z+ A/z=K,, 
A,zz + B22 + Of22 4+ Di/72+ Ej2+ Fjz24+ Giz+ Ayz= Ko, 
where A,, B,, K,, A,, B,, K, are real constants, while C/ and D,’, Cy and Dy, 
foend i; be and f,, G, and Hy, G, and H,, are pairs of conjugate 
constants. 


Manifestly any equation of this latest form is transformable by the 
lineo-linear substitution into another equation of the same form. 


29. Another mode of discussing the frontier of a z, 2 field, which 
is represented by two equations that have an invariantive character under 
a lineo-linear transformation, is provided by the generalisation of a special 
mode of dealing with the same question for a single complex variable. 


The general homographic substitution affecting a single complex variable 
has the canonical form 
alipeh Aes. 


w—p z— 
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where a and § are the double points of the substitution, and X is the 
multiplier. Let 

w=utw, z=aty, a=atia, B=b+W, K= Ker, 
where wu, v, 2, y, a, a, b, b’, x, k are real; then’ 


u-ati-a)_ 4 e@-atiy—@) 
u—b+i(v—B) ~ x—b+it(y—b’)’ 


and therefore 

(u—b)(v—a’')—(u- a) (v—- 0’) 

(u—a)(u—b)+(v- a) (w— 0’) 

(a —b)(y— a’) —(@— a) (y—¥) _ 
(w—a)(a@—b) + (y-a)(y—-®) 


tan 


— tan! 


Hence the circle 

(a — a) (w—b) + (y—a) (y = B) = m {(w- b) (ya) ~ (4) (y - BY}, 
which passes through the double points (a, a’) and (6, b’) of the substitution, 
is transformed into the circle 

(u—a) (u—b) +(v—@) (v—D’) = M {((u—b) (v—-’) — (u—a) (v —B)}, 
which also passes through those common points. The constants m and M 
are connected by the relation 

m—M=(1+ mM) tan k. 


At a common point, the two circles cut at an angle k, which depends only 
upon the multiplier; thus when an arbitrary circle is taken through the 
common points, it is transformed by the homographic substitution into 
another circle through those points cutting it at an angle that depends only 
upon the constants of the substitution. 


This process admits of immediate generalisation to the case of two 
complex variables. Let the lineo-linear transformation in two variables be 
taken in its canonical form; and write 

G2+ P22 t+yn=l/ +i", aqw+ Bw +y=L/47L,", 
WZ + Baz + Yo= by’ + tly”, asw+ Bow + y= L,' +1L,”, 
A; + Boze +73= ls +al,”, a3W + Bw’ +73= de sir ale 
: Ly 
Ly, Ly’, Lj, L,’ are respectively the same real linear functions of uw, 2, U,V. 
The three invariant centres are the places given by the equations 


where Jy’, 1)”, ly’, 1”, Us’, ls” are real linear functions of 2, Yes yen, aakliee 


iy aze0 bs ze i= 0 
be 0) LL = hu 0 
=0(’ b=0(’ 4 =0” 


ee =) ne ex ig = 0 
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and they are also the same places given by what are effectively the same 
equations 


SEE ues 0 0 
Wes De 0 =O 
Pia Owen” | Ly =0 
oO L=0 L=0 


The canonical form of the lineo-linear transformation now is 
Lt oL," 5 bs tal 
NE ais RP ie 
D+ tL,” ly + al,” 
Lie dE OM al od Ly an als” 5) 
and therefore, among other inferences, we have 


=i Ly Le,” R LL," =i Li'l,” ZZ Ly ly’ 


ee et Se are NX, 
SS Fi Get RO RE ae Ry an ae 
Hiab din tey bf 4/ if = Abe 
FA Te ee en gr a Oa ee Re 
an Ee Ls ae edge an if be fe bes arg BP, 
tan“ sees tan ie arg AX — arg p. 


ag RerRCrnG ASU 

Accordingly, the frontier configuration, represented by any two of the three 
equations 

ls ly’ — ly ly” =p (ly 1 +-1,'1,”), 

Lily” — Uy h" = gq (L'bs + b's"), 

Lely” — Ul,” =r (gly + 1,"h”), 


where the three constants p, g, r are subject to the relation 


PUG tet = POT, 
so that the three equations are really equivalent to only two independent 
equations, is changed by the transformation into the frontier configuration 
represented by any two of the three equations 


t,t, — DL, 1, = P(L, Ly + £,'L,"), 
Dee, B= 0 Chi LL, *), 
L/D,” — LD,” = R (LL, + £,’L,"), 
where the three constants P, Q, R are subject to the relation 
P+Q+R=PQR, 


so that these three equations are really equivalent to only two independent 
equations. Moreover, if 
B= Ge", X= He", 
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where g, h, @, H are real constants while @ and H are positive, we have 
P-—p=(1+ Pp) tang, 
Q—q=-(1+ Qq) tanh, 
R-r=(1+ Rr) tan (h—g). 
It is easy to verify that, if either of the relations 
P+Q+R=PQR, p+qtr=pqr, 
is satistied, the other also is satisfied in virtue of these last equations. 

The quadratic frontier of the z, 2 field and the quadratic frontier of 
the transformed w, w’ field both pass through the three invariant centres of 
the lineo-linear transformation. 

Ex. 1. In connection with the homographic substitution in a single variable 


W-a_yp4%-a 


w—PB z—-B 
(in the preceding notation), shew that the constant m in the equation of the circle 
(wa) (wb) +(y - a!) (yb) =m {(w—8) (y—a’) - (w— a) (y—B)} 


is the tangent of the angle at which the circle cuts the straight line joining the double 
points of the substitution. 


Prove also that, if 2d is the distance between the double points, 7 is the radius of the 
foregoing circle, and # the radius of the circle into which it is transformed, 


1 Zcosk , 1 _sintk 
R? rh de 


Ex. 2. Shew that the circle 


(o—a)+(y ~b)-=n*{(w- a+ (9-8) 
is transformed, by the homographic substitution, into the circle 
(w—a)?+(v— 6)? =N2{(u—a’)? + (v—b')7}, 
where 
N= KI, 
Interpret the result geometrically. 

Ez. 3. Construct a lineo-linear transformation which has 0, 0; 1, 1; 2, —¢ for its 
invariant centres; and shew that there are quadratic frontiers of the z, 2 field, which 
pass through these invariant centres and are represented by any two of the three 
equations 

w+ yp taltty't—2 (aa! +yy))— 2 (ay' —2'y)—2 (yy) 
=a{ur?+y?— (a? +y) +2 (v—w')i, 
vty +ur ty? +2 (wa! +yy')—2 (vy! —x'y)—2 (@+2’) 
=B ie ty?— (a? +y?)—2yt+y')}s 
aye (ay) =y (ay — xy); 
provided the constants a, B, y satisfy the relation 


y (a+8)=2a+28 - y. 
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Verify that the lineo-linear transformation changes these equations into equations in 
u, v, w’, v' of the same form but with different constants a’, 8’, y' satisfying the relation 


y (a’ + B’) =2a' + 2p’ —y’. 
Shew that, at the invariant centre 0, 0, small variations dz and dz’ cause small variations 


dw and dw’ such that 
dw — did =¥ (dz d2’, 


dw+dw' =i . (dz+dz’) ; 


and obtain the relations between the small variations at each of the other two invariant 
centres. 


Invariants and Covariants of quadratic frontiers. 


30. Owing to the importance of the quadratic frontier, because it is 
given by two equations of the second order that are invariantive in general 
character under any lineo-linear transformation, we shall briefly consider 
those combinations of the coefficients which are actually invariantive under all 
such transformations. The proper discussion of the invariants and covariants, 
which belong to two equations of any order that are invariantive in general 
character under the transformations, requires an elaboration of analysis that 
will take us far from the main purpose into what really is the full theory of 
invariants and covariants. It will be sufficient to give the elements of that 
theory as connected with the fundamental procedure. Moreover, we shall 
take a general quadratic frontier and not merely the special class which 
pass through the invariant centres of an assigned transformation; and we 
require the quantities which are invariantive under all limeo-lmear trans- 
formations and not merely under one particular transformation. We further 
shall only deal with such invariantive quantities as are algebraically 
independent of one another. 


31. There are several modes of procedure; in all of them, it is con- 
venient to use homogeneous variables, as was done in establishing the 
canonical form of the lineo-linear substitution. So we take 


ae ae | ww 1 
— os 6 — = —_ = —, 
% Uy Xs Yu Yen Ys 
Also, as the variables respectively conjugate to z, 2’, w, w’ have been intro- 


duced, we shall require variables respectively conjugate to 2, 2, £3, Yi, Yo, Ys; 
denoting these by %, %, %, 41, Yo, Ys, We take 
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For the present purpose, we take a z, 2’ field determined by two relations 
Q <0, Q’ <0, where 


Q = Any 1 By Yo ats Cy Ys ar Dy at Lyi. i Fyoys 
+ Gysth + Hysy.+ Kysys, 
V=A'NI[ + BYot O's, + D yet, + E'YYot+ Fy Ys 
aia GY str ate 'ysY2 aie KY Ys5 
its quadratic frontier is given by the equations 
Q = 0, Q =0, 
which, on division by the non-vanishing quantity y,%,, acquire the form of 
our earlier equations. In Q the coefficients A, #, K are real, while B and D, 
C and G, F and H, are conjugates in the stated pairs; and similarly for the 
coefficients in Q’. 

The method of procedure that we shall use is based upon an application 
of Lie’s theory of continuous groups to these quantities Q and Q’; and the 
application proves fairly simple in detail when we use umbral forms 
simultaneously with the expressed forms. Accordingly, we introduce 
umbral coefficients o,, 02, 03, 017, 0, 3, With their conjugates o,, o, Gs, 
G,, Gy, Gs 5 we take 


Il = ony + o242+ pat I= or yt ox yates Ys | 
II = OY, + F2Y2 + F3Y3 I’ = 0,4; + Gy Yo + Gs 7s J 
and we write - a, 
Q=T, OY=ITt. 
We then both define and secure the umbral character of these new 
coefficients by imposing the customary condition that the only combinations 


of the umbral constants which have significance are those leading to the 
expressed coefficients in the form 


Ava a,0i7 DD =cn0,) (G Soa. 
B= o,0,, H=0,¢;, H=6,0,. 
Cac, F=«c,0,, K=o,6;: 


and likewise for the coefficients of Q’. 
When the lineo-linear transformation, in the form 
Y= ax, +ba, + cx, 
Yo= At, +b'x, +0c'a, }, 
Ys = 0" a, +O" Hy + oa) 
and its conjugate, in the form 


Y, = AX, + bx, + Ca, ' 


Yo= AH, + 0X, + 6H, }, 


ak 
Ys =a, 4 b’%, oe CFs 
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are applied to Q and Q’, these become P and P’ respectively, so that 
we take 
ny ek 
and then 
P=A,a,0, + B,x,%, + C,a,%, + Di0,%, + E, 0,8, + F, 2,2, 
+ G,4,%, + Hy 0% + K,x,%s, 
P = Aj'a,%, + Bia, + Oj 0,%;-+ D,'2,%, + B/a,%, + Fx, 2, 
+ Gy 03%, + Hy 2,%, + Ky’ x3%;. 
We take 


= 8,2, + 8X + 83%, S! = $1 %, + Sy Ly + 85 Lo, 


8 
8 


= 8% + 8% + 83%s, S’= 5, @, + 5,2, + 5; Hs, 
where 5, 82, S3, S;, 8), S;) are new umbral coefficients, while &,, 82, 3, 5, 8, 3)’ 
are their conjugates; and we write 

P=SS, Q=S'S’, 
regarding IT as transformed into S, I into S, Il’ into S’, and I’ into 8’. 
Then the laws of relation between the umbral coefficients in II and S, and 
in I] and S, are 


$= a0,+ a/o,+ 0c §, = @0,+ 06,446, | 
S$, =00,-+ 0 0, 4-0) 0, +; 3, = bg, + U’a, + b's, }; 
S$ =Co, + Co, +C' a; 8, = Co, + Ca, + CG; 


and the same laws of relation hold between the umbral coefficients in II’ 
and S’, and in II’ and 8’. Finally, in connection with our transformation, 
we write 


SNe oe tC lic FACE 7 ST One ET a I 
a > b’ ’ C | | a > b’ > ce 
a” b”, cl” | THe be rid 


where A has the same significance as before, A is its conjugate, and neither 
A nor A vanishes. 


32. As an example of an invariant, consider the quantity 
Telly, lB On hs 

Dea, 

Genes ian| 


To express it in umbral symbols, three sets of these are required because it 
is of degree three in the non-umbral coefficients. Denoting these by 
81, 8, 83, t, ta, tz, Uh, Us, Us, With their conjugates, we easily find that I is 
equal to 


é S;, So, 83 SB, &, §& hs 
h, to , ts hh, bo , ts 


Mi, gy ths. 1) Jet, Ulg,! “Us 
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that is, to 
Polere ery at Vee het, wets Gif Ga Oe OO ee re 
Ty. Toy Te | le, By eNom, Ma te Wee 0 ee Can 
Teter. Sar ee Ue th, Se Var | De Tee 
that is, to 
1AA 01, Oo, £5 1, G2, G3 |}; 
T1) T2> T3 Tl, T2) T3 
| Ui, Ue, Us | U;, Us, Us 


and therefore ie 
7: Be fare C; = AA | 7M B, C Ie 
D,, F,, F, | 10Y E, F 
Gi fy iG | G, Ee K | 


a relation which establishes the invariantive property of the quantity I 
which is a function of the non-umbral coefficients of P alone. 


The same combination of the coefficients of P’ alone is easily seen to be 
an invariant. The simplest covariants are P and P’; for we have 


C=O. 


33. Passing now to the consideration of invariants and of covariants 
that belong to the general quadratic frontier, we define any quantity 


b (|, Ya Y3, i) Yo, Ys, 76 CME is Ay. seis iy 
to be such a function if it satisfies a relation 
@ = ArArd, 


where ® is the same function of 2,, 2, 23, ©, %, @3, A,,..., Ky, Ay, ..., Ky 
as ¢ is of its own arguments. We shall deal only with integral (not with 
fractional) homogeneous combinations of the variables and the coefficients ; 
and we assume that, in the foregoing relation which defines an invariant 
or a covariant, the index of A is the same as that of A because we are 
limiting ourselves to the properties of real frontiers as defined by two 
real equations. And we retain the customary discrimination, by the occur- 
rence or the non-occurrence of variables, between a covariant and an 
invariant. 


By Lie’s theory of continuous groups*, it is sufficient to retain the 
aggregate of the most general infinitesimal transformations of a continuous 
transformation in order to construct the full effect of the finite continuous 


* For proofs of this fundamental theorem, see Campbell, Theory of continuous groups, 
chap. iii. 
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transformation. Accordingly, for our immediate purpose, it is sufficient to 
obtain an algebraically complete aggregate of integrals of the set of partial 
differential equations which characterise the full tale of the infinitesimal 
transformations in question. To obtain these, we take 


ie 3 aa) lel SR ae de ka C= | 
a@ =, Olga eter) re; ; 
@ =e, bares ce’ =1+4 | 
G@-= 1 te Tb. =e, é =% 

a =&, fb =14+%, ¢ =% 

a’ =&, b’ =%, e’=14+%, 


For the most general infinitesimal transformation, all the quantities ¢ and é 
are small, arbitrary, and independent of one another, subject to the condition 
that ¢, and €,, for the nine values of n, are conjugate to one another. 


The laws of relation among the umbral coefficients now are 


Sy L a; = €, 0) + €409 + €7 03 S; — on = €\ 0 + €4 0% + €, 03 
So = (on) = €,0, + E574 oe Eg 03 > Sp ss O» = €,0; + €; Oo + E303 
83 — Oz = €30, + €o Oy + E03 S3 — O3 = €30, + Eg dq + yO 


Consequently the infinitesimal variations of the coefficients in the equations 

of the quadratic frontier are given by the equations 
64 =A,—-A=e4A+64D4+6G44+6A4+¢8+60 
88 =B,- B=64B4+648+¢6H+64A4+¢B8+60 
60 =C,- C=6C4+eF +6K+%A+¢B+6,C0 
6D =D,-D=6A+¢6,D+6444+¢D+¢4+6¢F 
bH=Fh,—-H=6_B+6H+6eH+¢D+¢H+eF +; 
OF = F,-F=6.C0+6F+6kK +6D+¢F+6,F 
6G =G,-G=6A+6D+6464+6464+44+¢K 
6H =H,—-H=6.B+¢6H+6H +6£¢+2,H +6,K 
6K =K,-K=¢60+eF+6kK4+6eG6+6H+6K j 


with a corresponding set of nine expressions for the infinitesimal variations 
of the coefficients A’, ..., K”. 


The infinitesimal variations of the variables are given by the relations 


Yy — By = &X + €.Ly + €3X3 | Yy — Hy = GMX + €yXy + EH 
Yo — Ly = €4X, + €3H_ + Eps +, Yo — Hy = EX, + €5Xy + Eps ii 
Ys — Us = 7H, + EgLy + Eg Xs Ys — Ls = 7H, + Egky + EgXs 


Ad, EQUATIONS CHARACTERISTIC OF 


[orait 


and therefore, so far as small quantities up to the first order are concerned, 


we have 
ae Oh ey CG: L—-YyA=— An me €oYo — 6343 
SO = Shy a OOS tes, L, — Y2 = — EY a E5Yo = E5Ys 
— ¥3 = — Yi — €aY2 — os | Ls — Ys = — EY — Eg Yo — Eg Ys 


And, lastly, we have 
AA=1+e4+64+6+464+6+&. 


34. Now any covariant or invariant satisfies the equation 
b (a; Ly, Lz, Hy, Hy, Hs, Any sees KG Ae sees a) 
= (AA) (; Yr, Y3) > Yr, Ys, A, LOT, LG As sioner. He). 


Substitute in this defining equation the values of A,,..., Ky, Ay, ... 


N> Yo, Ys, AA; write 


3 - 9 Fae Oe ee 
eA +BGtO ata 4B = 
We 


, a 2 3 a 19 
tt ae ape ae 


0 0 0 0 


+H +K5+6 +H +K 


0G oH wy Mak’ ok’ 
A 0 0 0 i ’ 0 , 
ME Nore ce ype rete at D apy + @ o 
_ 7? 0 0 ; ree pre 
2=-Bap +HaA+Haat ap Fog Bar 


; 9 3 a | 
aC +FS+KS +0 a + pe + BE ge 


— Gh 0 0 / 0 / 0 , 
6,=A aD + Bat +A ap + B ae t CO a 


ae 0 0 0 , oO : ee 
0,=A oB +DrantGaat+A apt Dine + G sr 


A ae 2 Silene ee ; 
=A +B + On t A’ at + Bo + 0 oo, 
@ 0 f) me a) Pc 
ad + Part Gag t+ A aq t Dog t+ O am 


aA tPapt Fagt Dag tH amt FP aq 


5 0 ) ) ) 0 
C= 3B YU / / 
sqtEaytHa+k aqit Mant ay 


/ 
ee 
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0 0 0 é 


a ant ag t Pag tH am 
3 3 3 A 3 


=B~B+ k= pret +B aqy + Ham t+ H xe 


oC ok 


0 0 , 0 0 
6, = G +Ho+Kaq+@ sat aR 


ile earch Gena vera i 


+ K’ — 


Ce ee 


aG OA’ ol’ 
0 0 0 0 


6,=G +H—+kK pt Cant Maat K 


0 0 0 nays) a) 
Et Bayt © aR’ 


+ Fo +K 


OG’ 


oF” 


aH’ } 
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and expand both sides of the equation in powers of the small quantities ¢€ 


and ¢. Equating the coefficients of these small quantities on the two sides 


and denoting our covariantive function 
$(%; Yo) Y35 Nn; Yo, Ys, A, ener er9) K, As 

by ¢, we have the partial differential equations 
ab _ se 2a 
UNAS S oa ek A ea 


og 


Re 


mee 


0 
ab— nso =p, 0,6 - 152 = po 


= 0 
Ooh — Ys yen A, — Iss = po 


0 = =O 
Qa — yo5 = 0, 0.4 — 7.58 =0 


* 
0 eG 
0b — ys 5h = 0, 0.$.- 5 = 


Ad — 5h =0, ashe 0 


Or OW. 
ad ie ae: 
Oud — ys = 0, dp ~ Tas = 0 
Ob eee 0d 
a aa oO — Frag = 0 


0 = 0. 
6.6 — ye® = 0, 0.$ — Tazo = 0 


\ 


) 


2 
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as equations satisfied by the function ¢. Moreover, by Lie’s theory, any 
function ¢, which satisfies all these equations, is a covariant (or invariant) 
of the required type. 


35. Having regard to the fact that ultimately we are dealing with 
quadratic frontiers and with transformations between w, w’ and z, 2’, we 
shall consider only those integral functions ¢, which are homogeneous (say 
of order m) in %, Y2, Ys and homogeneous (also then of order m) in 7, Ys, Ys- 
We also shall consider only such functions ¢ as are homogeneous (say of 
degree n) in the coefficients A,..., K and homogeneous (say of degree n’) 
in the coefficients A’,..., K’. Then, from the first set of equations and by 
means of Euler’s theorem on homogeneous functions, we have 


n+n' —m= Bp. 


It follows that every integral invariant of a quadratic frontier has its degree 
in the coefficients of the boundary a multiple of 3 


When the index p is taken as equal to the foregoing value, and when we 


note the equality between the indices of A and A in the relation which 
defines the covariants, the first six equations can be replaced by the four 


Ap — Te = 4,6 — no = 8b — | 


and we then retain the other twelve equations, so that we have a set of 
sixteen partial equations of the first order. 


It is easy to verify that the conditions of co-existence of these sixteen 
equations are satisfied, either identically or in virtue of the equations in 
the set. Hence the set of equations constitutes a complete Jacobian system 
of partial equations of the first order. The possible arguments in any 
solution ¢ are twenty-four in number, viz., the nine coefficients A, ..., K, 
the nine coefficients A’,..., K’, and the six variables y%,, Y2, Ys, Y:, Yor Ys; 
consequently, by the customary theory of such systems*, the number of 
algebraically independent integrals is eight, the excess of the number of 
possible arguments over the number of equations in the complete system. 


36. After the limitations that have been imposed, every integral ¢ of 
the system is homogeneous of degree m in y, yo, ys, and also homogeneous 
of degree m in %, Yo, Ys. Let it be represented by 


TO pay gyi TYP yt Yi” 2-1 YP Ys 5 


* See my Theory of Differential Equations, vol. v, chap. iii. 
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then, in order that it may satisfy the equations, we must have the relations 
(among others) 
O,. Up,av,¢ —(p +1) Upin,gv,q = 9 ' 


0, 4 Us, 9,2, 7 ia (p' ot 1) U. 1h D+1,7 a 0 
Or. Uy ao.¢ (9 +1) Uy at1y,¢ = 0 | 
7 Uy, anr4 eet) Caan =0 


YF 


By the continued use of these equations, all the coefficients Up, ¢,n',¢ Can be 
obtained when once U),o,o,, (say U) is known; and therefore, as usual in the 
theory of homogeneous forms, the whole covariant can be regarded as known 
when its leading term Uy,"y,-™ is known. 


Again, and just as in the ordinary theory, the leading coefficient U of the 
covariant satisfies the equations 


6,U=0, 0U=0, 6,U=0, 6,U=0, 
6,U=0, 6,U=0, 0,U=0, 6,U=0, 
6,U—0,U=0, 0,U0—0,U =0. 


These ten equations also are a complete Jacobian system of partial diffe- 
rential equations of the first order. Hach integral can involve the eighteen 
possible arguments, constituted by the constants in the two equations of the 
quadratic frontier; and therefore the system of equations possesses eight 
algebraically independent integrals which are the leading coefficients of the 
eight covariants constituting the algebraically complete set of integrals of 
the full system of equations. It follows that, in this method of proceeding, 
we have to obtain eight algebraically independent integrals of the preceding 
set of ten equations in the second complete Jacobian system. 


37. The actual process of solving the equations is the customary process 
that applies to complete Jacobian systems that are linear and homogeneous. 
The algebra required in the manipulation is long and tedious for the present 
set of equations; so the results will merely be stated, especially as they can 
be obtained by another method (or combination of methods) applicable to 
the equations of the quadratic frontier. The summary of the final integra- 
tion of the ten equations, which are to possess eight algebraically independent 
integrals, is as follows :— 


Every integral of the system is expressible algebraically in terms 


of the eight independent integrals A, A’, I, J, J’, I’, T, T’, where JZ is 
the invariant of Q, J’ the similar invariant of Q’, 


J=2A'a7, J=3A 7, 


(the summation being extended over all the coefficients of Q and Q’), 
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and where 7’ and 7” are the coefficients of ) and yw respectively in the 


expression , 
(VA + A’) ‘ ai A 
AX iO lee ee Ge 
a Qk + pK’) Hi e a 4 
AEA SA te Gree ee 
peat AGB Gels 
Poller: Wes Om 6 heer. Fr) 
NE EY lo al 


Moreover, A determines a covariant Ay,7,+..., that is, Q; A’ deter- 
mines a covariant A’y,7,+..., that is, Q’; 7 determines a covariant 
Ty?y2+..., say R; T’ determines a covariant T’y?7+..., say R’; and 
I, J, J’, I’ are invariants. Finally, any quantity connected with the 
quadratic frontier that is invariantive under the lineo-linear trans- 
formation is expressible in terms of Q, Q’, R, BR’, J, J, J’, I’. 


38. Had our quest been for invariants alone, the preceding analysis 
shews that they must satisfy the equations 


6,—0,=0, 6,-0,=0, 6,—6,=0, 6,—0,=0, 
0,=0, @,=0, %=0, 6,=0, 4=0, 6=0, 
6,=0, 0=0, 6=0, 0=0, 6,=0, 6,=0. 
But always 0, + 0;+ 0,=0,+ 0; + 4, 
so that, in virtue of the first four we have 
= 0, 


and therefore 6; = 6;, 0,= 0. The two equations 
6,-6,=0 and 6,—6,=0 
are therefore satisfied in virtue of 
6,—0;=0, 6,-0,=0; 
and so the system for the invariants contains fourteen independent equations. 
They are a complete Jacobian system, and involve the eighteen arguments 
constituted by the coefficients of Q and Q’; hence there 8 are four algebraically 
independent invariants. 
They can be obtained simply as follows. We have seen that 

Pa W no gee OS 

Deere 

Ge EG 
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is an invariant of Q@; the same function for aQ+ 8Q’, where a and 8 are 
arbitrary parameters, also is an invariant of the system. Let 


aA+PA’, aB+ PB, aC + PC’ |=8l+ eR +462’ + hl’; 
aD+BD', aH+BE’, af + PF’ | 
| aG+ PG’, aH+BH', akK+Bk’ | 


then I, J, J’, I’ are four invariants, independent of one another, and there- 
fore suitable for the aggregate of the four algebraically independent invariants. 
They manifestly agree with the four invariants in the earlier aggregate of 
invariants and covariants. 


Ex. Prove that the complete system for a single equation Q=0 is composed of @ and J. 


39. The detailed consideration of the invariantive forms will not be con- 
sidered further. What has actually been done should suffice to shew the 
march of a general method of proceeding for the particular problem. 


But one warning must be given if this general method is to be applied to 
a wider problem, viz. the determination of all the covariantive concomitants 
of all kinds whatever that are to be associated with any single form or with 
any couple of forms that are integral and homogeneous in yj, yo, Yz, and also 
integral and homogeneous of the same order in 7, Y, 73, Where we still assume 
the lineo-linear transformation for y,, y2, yz and its conjugate for 7, %, Ys 
as the transformations under which the concomitants are to be invariantive. 
For this problem, it is necessary to introduce variables contragredient to the 
variables a, 7, 2, and 4, Yo, ys, according to the customary law of variation in 
the theory of forms; that is, if we denote these further variables by &, &, &, 
1,2, 93, and their conjugates, they are subject to the lineo-linear trans- 
formations 


E, = am, + an, + ans E, =A + OH, + OAs 
& = bn at b'n» ap b’' ns ) &, =47, ts b’'H, aP b”%; 
E, = 07, + Cn + cn; E, =¢n, + CN, i e'”s 


It will be noticed (as is to be expected) that the umbral coefficients, used to 
express a given homogeneous form symbolically, are themselves contragredient 
to the variables. Manifestly we have 


WM + Y2N2 + Y3N3 = Ly E, + t&, + X3&s, 
DWN + Yote + YsMs = LE + ME, + Hz Es. 
It need hardly be pointed out that, while the complex variables a, x, x, 


correspond to the point-variables in the ordinary theory of ternary forms, the 
complex variables &,, &, & correspond to the line-variables in that theory. 


In order to obtain the most general concomitant of any kind, we should 
apply the preceding method to a function of the type 


$ (1; Yor Ys» Yr» Yor Ys, M> No» 13> M1 Ne» Ns; A, Ha); 
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involving all the variables and the coefficients of any or all of the initial 
given system of forms whose aggregate of concomitants is wanted, There is 
plenty of room and opportunity for research; but the investigations would 


take us into the wider pure algebra of the theory of homogeneous forms, and. [/* 


they will not be pursued in these lectures. WY 


Ex.1. Let Uand V be any two covariants that belong to a form or to a system of 


homogeneous forms ; and let 
eUeV dUaV 


Oy2 Os Ys Oye 


1= 


y,-0U v _auev ( 
* Oys Oy — Oys Oys |’ 7 
auaV aueV 


Oy Oy, OY2 OY, 

70 eV _ovoVv 
‘Oi 03 BYs OY 

7,00 ev evar | 


0Y3 041 OY OYs 
= 0UdV dU0V 


Pe os — 
3=aS aS 


Oh GW, We 
Prove that Y;, Y2, ¥3 are cogredient with y,, y2, y3, and that Yj, Y2, Y3 are cogredient 
with 7%, Y2, ¥3; and shew that 


U(%i, Yo, Ys, ig Y., Y3) and V(¥,, Yo, ¥s, Yi sis Ys) 


are covariants of the system. 


3= 


_In particular, when U and V are the two initial quantities Q and @ belonging to 
a quadratic frontier, determine the two covariants which are thus constructed. 


Ex. 2. Shew that when a quartic frontier, generally covariantive under a lineo-linear 
transformation, is given by equations @=0 and @ =0, where symbolically 
Q=I7I? and Q@ =I IT?, 
the algebraically complete set of inyariants and pure covariants belonging to the system 
consists, in addition to Y and Q’, of sixty functions. 


40. One other matter is left for investigation outside the range of 
these lectures. We have already dealt with the canonical form to which the 
expression of a lineo-linear transformation can be reduced. Also we have seen 
that there are quadratic frontiers, represented by the two equations of lowest 
degree, which keep a general invariantive character under such a trans- 
formation. It remains to consider what is the simplest canonical form to 
which two simultaneous equations representing such a quadratic frontier 
can be reduced, where there no longer is a question of invariance under a 
single transformation only*. This more general problem has some analogy 
with the problem of reducing to canonical forms the equations of two conics. 

* The simplest examples of forms, invariant under a single given transformation, have 


already been given; they are the equations of the frontier which passes through the ‘three 
invariant centres of the transformation. 
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In that solved problem, certain invariants of the system are necessarily 

conserved ; in this propounded problem, the four invariants of the system of 

two equations, which already have been obtained, must also be conserved. 
One appropriate form is suggested almost at once by the known result in 


the case of two conics referred to their common self-conjugate triangle. It is 
natural to enquire whether two forms 


P= Ax,G,+ Ba, %,+ Ca, + Dad, + Ex, + Fad, + Gad, + Hat, + Kashs, 
P= A'a,%, + Ba, %, + C'2,%, + D'a,%, + E'x,&, + F'x,H, + G'a,%, + H'2,%, + K' 04s, 
can simultaneously, by homogeneous linear transformation of the variables, 
be changed to forms I < 5 

P= AA, +X,X,+X;X3, 

Pee A Ne eB NN + UX NG, 
where no two of the three quantities A”, B”, CO” are equal to one another, 
and no one of them is equal to unity. With these last restrictions, we have 


I[+aJ+oJ’+ oI’ =(1+ 4A”) (1+ aB")(1 4+ 20”), 


for arbitrary values of a; consequently, the three invariants J/J, J'/I, I'/I 
(which are absolute invariants) are independent of one another, and no one 
of them vanishes. Thus the general condition as regards conservation of 
invariants is satisfied. 

Now all the quantities A, #, K, A’, H’, K’ are real; hence a requirement 
that they shall respectively acquire the values 1, 1, 1, A”, B”’, C", where 
A”, B’, OC” are real, imposes six conditions. Also B and D, B’ and D’, 
C and G, OC’ and G’, F and H, F’ and #’, are (in each combination) conjugate 
constants; hence a requirement that all these coefficients shall vanish 
imposes twelve conditions. In order, therefore, that the suggested canonical 
forms shall be possible, eighteen conditions of the specified kind must be 
satisfied. 

Suppose, then, that the variables are transformed by the relations 

a= OX,+ pXot+ Ws, 
= OX, + fp Xo+ WX, 
= 0" X, + p'X, “i py" Xs, 


where the complex constants are at our disposal. Let 


Vee eels el One OCs Meo: 
ibe ¢' ' ay 0’, ¢’ : y 
on p”, ay" oe d’, vy" 
then 1=Vvi, 


Au Ns Be 4 Ge = VV, 
BLO4 ar (OMe ae INET RE = Aig he 
Ale Oe = VV", 
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so that the values of A”, B”, C” are given by means of the quantities 
J/I, J'/I, I'/I, three real quantities. Also, as each of the nine arbitrary 
constants 0, ..., =” is complex, we have effectively eighteen constants at our 
disposal, formally sufficient to satisfy the eighteen conditions which take the 
form of linear equations. 


It therefore may be inferred that a couple of general forms P and P’ can 
be transformed so that they acquire forms of the suggested type. 


Perwdic transformations. 


41. These results, as regards lineo-linear transformations, are general. 
Simple forms occur when the transformations are periodic, that is, are such 
that after a finite number of repetitions in succession we return to the initial 
variables; and these provide the generalisation of finite groups of homo- 
graphic transformations in a single variable. 


The requirement of periodicity will impose conditions upon the unequal 
multipliers \ and y in the first type (§ 22). 


The second type cannot be periodic unless o vanishes. But if o does 
vanish, the type can be periodic when an appropriate condition is imposed 
upon the repeated multiplier 2. 


The third type cannot be periodic unless all the constants p, o, t vanish, 
But if all these constants vanish, we have merely the identical transformation 
at once. ‘There is no modification of the variables, and consequently there is 
no question of periodicity. 


When therefore we deal with periodic substitutions, we have to consider 
only the first type of transformation which has unequal multipliers \ and p, 
and a limited form of the second type which has a repeated multiplier X. 


42. A multiplier is the quotient of two roots of the characteristic 
equation; hence the equation, which is satisfied by a multiplier, is the 
eliminant of 

—A,@+A,0a—-A=0, 
263>—A, P+ A,td—-A=0. 


The eliminant is of degree nine in ¢; but there is a factor (t—1)*, which is 
irrelevant to the present issue and must therefore be rejected. One of the 
simplest ways of obtaining the residual equation is to proceed by the method 
of Bezout and Cayley for constructing the eliminant ; it leads to the result 


1+t4+?, A, (1 + 1%) ‘ AS =(, 


At(1+2), AQ+t+P)+A,A,f, AAGA4+d 
A, A,t (1 +?) » A(l+t+?) 
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which, when the determinant is expanded, becomes 
A?(t§ + 1) +(8A?—A, 4,4) (# + £) 
+ (6A? —5A,4,4 + APA + A) (4 + &) 
+ (TA? — 6A, A, A — APA,? + 207A + 24,3) # = 0. 
This is a reciprocal equation, as is to be expected from the mode of occurrence 


of the multipliers in the canonical form of the transformation. 


For the first type of transformation, the six roots of this multiplier 
equation are 
gL od 
A, BP, ? ? 5) ee 
) Vatoaed 1 aT Say 


and the solution of the equation effectively involves the two quantities 


A,A~4 and A,A~3, which are homogeneous (of order zero) in the coefficients 
of the original transformation, 
For the second type, the six roots of the multiplier equation are 


| Lent) 
Xr, A; a 5) a 5) IS 1 ’ 
and we must have 

27A? — 184, A,A — AA? + 4A2A 4+ 4A,3 = 0, 
being the discriminant condition for the equality of two roots of the charac- 
teristic equation. 
When the lineo-linear transformation is periodic of order n, then 
Av =I, weal; 

and x must be the lowest integer for which both the conditions are satisfied. 
Thus, for the first type, 


ie e2mir|n p= e2nis/n 


where r and s are unequal positive integers, greater than zero, less than n, 
and such that 7, s, n have no common factor other than unity. Then 


A = 0, (1 ft erririn fe eae: 
aN a 62 { e2mirin a e2risin he eet aa 
A = 6,2 e2nt (r+8)/n : 
and the conditions for periodicity of order n are 
A; {1 dis e2rir/n + paid ina ats Ag leat ate e27is/n 2b Casha laa ae 
A? {1 2b e2rir|n ae eas = Ae~2™* (r+s) [n. 
The conditions thus imposed upon 7 and s require that » should be greater than 2 ; 


and so lineo-linear transformations, of which the characteristic equation has three unequal 
roots, cannot possess quadratic periodicity. 
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As a matter of mere algebra, it is easy to verify that the original transformation 


w = w i! 
Qetbe/t+e a@ztbd+ed a’z+b"7/+c" 


is of quadratic periodicity in the two cases settled by the relations 


ei eee \ 
6 ~ @ @eil 

al Od lag ab 
a-l OU c ¢(a—1) 
O+1 ca 

i @ @esil | 
ay be etl 1l-at—ab i 
at+1l DU 6 e(a+l1) 


In each case four parametric constants, which may be taken to be a, }, ¢, a’, are left 
unrestricted by the limitation of quadratic periodicity. 


For the second type of transformation, the characteristic equation of 
which has a double root and a simple root, the discriminant condition has to 
be satisfied by all forms. If the transformation is to be periodic, another 
condition (the vanishing of the quantity o) must also be satisfied whatever 
the order; and then the order of periodicity is the lowest value of » such 
that 


— p2eririn 
nr =¢é > 


where r is any integer between 0 and n, which is prime to n. 


Hx. 1. The simplest example of such a transformation is 
wW=h2Z, w=). 
The z plane can be divided into z triangular wedges, bounded by lines through the origin 
inclined at successive angles 27/2 to one another; and similarly for the z plane. The 
whole z, z configuration is then transformed into itself by a double rotation of each plane 
through an angle 277/n about an axis through the origins perpendicular to the planes ; and 
the z, z field, made up of two such wedges in the z and 7 planes, is transformed into 
the w, w’ field, made up of two similar wedges in the w and w’ planes. 
Ez, 2. When the original transformation is linear and has the form 
w=azt+b/+e, w=az+b'7 +c, 
a factor @6—1 can be dropped from the characteristic equation which then becomes 
6? —(a+0') 6+ab'—a'b=0. 
Let the roots of this equation be v and v’; the canonical form of the substitution is 
aw+ Bw'+y =v (az + Be +y), 
adw+B'w' +y'=v' (a’z+f'2' +7), 
where 
da+a@B=va, bat+bB=r8, ca+c¢B=(vy-l)y, 
aad’ +a'B’ =y'd', ba’ + b'B’ =v'p’, ca’ +¢'B’ =(v' —1) y'. 
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Ha. 3. Find a canonical form of the periodic transformation 
w/2=2+2, w /2=2-Z. 
Ex. 4, Prove that all transformations of the linear type, which have quadratic 
periodicity, belong either to the form 


, / t 
w=—-Zzt+¢, w=-Z2+4+¢, 
or to the form 


1 
w=az+b/ +e, mae Z-azZ —-——¢, 
b b 
where a, 6, c, ¢ are arbitrary constants. 
Ex. 5. Prove that all cubic linear transformations have either the form 
w=0z+0e, W=O7/4+¢; 
or the form w=az+bz+c, with either 
1 Fe rh te 
ps (a? +. 462+ 0) z—(a+6) Z— A (a-6), 
or 
i —f(a@2+a-+1)2—(a41) 7 +¢, 
where 6 and @’ are imaginary cube-roots of unity, and a, 6, ¢, c’ are unrestricted constants. 


Ex. 6. Shew that, if 
ee ae ae a 1 
aetbs/+e azt4+b7+c¢ a’z+0"2Z4+c”’ 


then 
7 a2 rs eA 1 
Aw+A'w'+A" Bwo+ Bw’ +B" Cw+OC'w' +0” 


where A, A’, A”, ..., C, CO’, C” are the respective minors of a, a’, a”, ..., ¢, ¢, ¢” in the non- 
vanishing determinant A, where 


INS) 0h: b, c 


and prove that 


(ater bie te" 7(@ 7a. 


Aue 
Prove that the roots of the characteristic equation for this inverse transformation, 
expressing z and 7 in terms of w and w’, viz. 
Amped sae ped |e, 
IBS IB Sey IE 
C= Cc’ , C’-¢ 
are connected with the roots of the characteristic equation of the original transformation 


by the relation 
AOp=A; 


and verify that the invariant centres for the inverse transformation are the same as those 
for the original transformation. 


Ez.7. Obtain for a lineo-linear transformation, between two sets of 7 variables, 
results corresponding to those in the preceding example. 
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Ex. 8. Prove that the invariant centre ¢, and ¢,' of the general lineo-linear trans- 
formation is given by the equations 


Bin tae. ust u 
A” +00; B" +6, C"—(at0’) 6,+6;? E 


the denominator in the third fraction being distinct from zero. Prove also that, for the 
quantities a, : By: y1, 
(82 — 61) (83— 41) 


aGthdr+n=n or G40) 6,402" 


Ex. 9. Shew that, when v is a prime number, all the periodic substitutions 
w=az+bi +e 


= eat aan) pe (e= ] eer) ie 5 (aes 


b 
for s=2, ..., n—1, are powers of the same periodic substitution for s=1. 
Shew that all the substitutions 
w=azte, w=a7+c, 
where a and a’ are primitive mth roots of unity, are periodic. 


Do the two preceding classes contain all the purely linear substitutions which are 
periodic ? : 


CHAPTER III 
UnirorM ANALYTIC FUNCTIONS 


43. WE now proceed to the more immediate and direct consideration of 
the properties and the characteristics of functions of two independent complex 
variables, beginning with the simplest fundamental propositions. Not a few 
of these can be considered as well known; they are included for the sake of 
completeness, and also for the sake of reference. Some among them are 
expressed in forms that appear more comprehensive than the customary 
enunciations. Others of them appear to be new, such as those which deal 
with the characteristic relations and the properties of two functions of a 
couple of variables considered simultaneously ; and these, as being more novel 
than the others, are expounded at fuller length (Chaps. vii and VIII). 


Though the exposition is restricted to the case when there are only two 
independent complex variables, it should be noted that many of the theorems 
belong, mutatis mutandis, also to functions of m independent variables. For 
others, however, further ideas are needed before a corresponding extension 
can similarly be effected. 


We begin with definitions and explanations of the more frequent terms 
adopted, many of which are obvious extensions of the corresponding usages 
for functions of one complex variable. 

The whole range of the variables z and 2’ is often called the field of 
variation. The extent of the field sometimes depends upon the properties of 
the functions concerned ; otherwise, it implies the four-fold range of variation 
between — 0 and +0. 

A restricted portion of a field of variation is called a domain, the range of 
a domain being usually indicated by analytical relations. Thus we may have 
the domain of a place a, a’, given by relations 

|z—al<r, |2-—a ler; 
we may have a domain given by relations 

db (4 —4, y ~ B, x — a’, y —B')<e, ap (x — 4, y — B, a —a’, y — B')<c, 
where a=a+i8, a =a +7’, the equations being such as to secure a finite 
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range of values of z and a finite range of values of 2’. When r and felOLC, 
and c’, in the alternative case) are small, the domain of a and a’ is sometimes 
called the vicinity, or the immediate vicinity, of the place a, a’. 


: : il : : : 
In these definitions we substitute B for |z—a| when a is at infinity, and 


= for | 2’ —a’| when a’ is at infinity. 

44. A function of z and 2’, say w=f(z, 2), is said to be uniform, when 
every assigned pair of values of z and z’ gives one (and only one) value 
of w. Through familiarity with properties subsequently established, the 
notion that z and z may attain their assigned values in any manner 
whatever sometimes comes to be associated with the definition; but the 
notion is not part of the definition. 


The function w is said to be multiform, when every assigned pair of 
values of z and 2’ gives a finite number of values of w, the finite number 
being the same for all 2, 2 places where the function exists. Sometimes it 
is convenient to specify the number in the definition ; when there are m values, 
and no more than m values, w is sometimes called m-valued. 


A function w may have an infinite number of values for given values of 
z and z. Among such functions, each class can be specified by its own 
general property. Thus one simple class of this kind arises from integrals 
of functions that have additive periods. 


Just as with uniform functions, so with multiform and other functions, 
familiarity with properties subsequently established leads to the notion that 
a specification of the path or range by which z and 2’ attain their values 
will lead to the acquisition of some definite one among the m values; again, 
the notion is not part of the definition. 


Even in this matter of the description of the range of z and of 2’, care must be 
exercised ; it may become necessary to take account, not merely of the actual range of z 
and of 2, but also of the mode of description of those actual ranges. Consider, for 
example*, the function 

w=(2—7+1)2. 


Take z=0 and ¢’=0 as the initial place; and consider the branch of w which has the 
value +1 at that place. 


We make z vary from 0 to +1 by describing (in the direction indicated by the arrow) 
a simple curve OAB which, when combined with the axis OB of real quantities, encloses 
the point $7 and does not enclose the point 7. 
* The example was suggested to me by Prof. W. Burnside. Another example, viz. 
w=(2-2/+ 1)3, 


is given by Sauvage, Ann. de Marseille, t. xiv (1904), section 1, a particular path being ppcoldeds 
Obviously any number of special examples of the same type can be constructed. 
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We make 7 vary from 0 to +1 by describing the straight line 0’C’ in the direction 
indicated by the arrow; the point D’ on that line is given by 7= . 


Consider two different descriptions of these paths. 


In the first description, keep 7 at O’, while z describes the whole path OAB; and then 
keep z at B, while 7 describes its whole path O’C’. For this description, the final value 
of w is manifestly +1. 


7% A 


0 D' +1 
O' —> 8 Ge 


In the second description, keep z at O, while 2 describes the part O’D’ of its whole 


path; then keep / at D’, thus making w=(z?+})2 for that value of 2’, and now make 
z describe its whole path OAB. When z arrives at B by this path, the value of w is 


—()2, that is, when z is at B and 7 at D’ by this description of paths, the value of 
(22— 24+ 1)2 has become —(5)2. Now keep z at B, and let 7 describe D’C’, the remainder 
of its path ; the final value of w is manifestly —1. 


It thus appears in the case of the special function that, even when the range for each 
variable is perfectly precise, the final value can depend upon the mode of description of 
the precise ranges. The matter belongs, in its simplest form, to the theory of algebraic 
functions. 


45. A function f(z, 2’) is said to be continuous if, when the real and 
imaginary parts of z and of 2 are substituted and the function is expressed in 
its real and imaginary parts w+ vt, both the functions u and v of a, y, a’, y’ 
are continuous. 


Let the function f(z, 2’) be uniform and continuous, everywhere within 


a field of z, 2 variation. It is said to be analytic, when it possesses 
derivatives of all orders with regard to both variables 


Ff, 2) oaf(4, #) 
02 


5 oy sre sini! ere 3 


which are uniform and continuous everywhere within that field; or what is 
equivalent, it is said to be analytic if f(z, 2’) is an analytic function of z when 
any arbitrary fixed value is assigned to 2’ and is also an analytic function of 
z when any arbitrary fixed value is assigned to z. But it need hardly be 
pointed out that, while f(z, 2’) is—under this definition—expressible as a 
power-series of z alone having functions of the parametric 2’ for coefficients, 
and also as a power-series of z alone having functions of the parametric z 
for coefficients, an expansion in powers of z and 2’ simultaneously is a 
matter of proof, to be considered later. 


60 DEFINITIONS [CH. II 


It is a known proposition that an absolutely converging double series can 
be rearranged in any manner and can be summed, in any order, the sum 
being the same in all arrangements and for all orders of summation. 
Suppose, then, that the double power-series 


LC, m (2 — a)” (2 —a’y™, 


where m and m/’ are positive whole numbers (including zero), and where the 
coefficients Cm, m are constants, converges absolutely at every place within some 
domain of the place a, a’. The series, within the domain, defines a function ; 
and the function is said to be regular, or to behave regularly, everywhere 
in the domain of the place a, a’. The domain must not be infinitesimal in 
extent; and the place a, a’ is said to be an ordinary place for the function. 
When it is desired to indicate specifically that the double series contains 
only positive powers of z— a and z —a’ in accordance with the definition, we 
call the series integral, or whole, or holomorphic; and sometimes the function 
is called integral or holomorphic within the domain of the place a, a’. 


When the power-series is finite in both sequences of indices, the function 
is a polynomial in z and 2’. When it is infinite in either sequence or in both 
sequences, the function represented is usually called transcendental, unless it 
can be represented by algebraic forms. 


When the function is transcendental, the question arises as to the 
range of the domain over which the power-series converges. When the 
domain is limited, a question arises as to whether the power-series, 
representing the function within the domain, can be continued analytically 
beyond the limits of the domain. 


Perhaps the simplest example of a multiform function w of z and 2’ occurs, 
when the three variables are connected by an algebraic equation 


A (w, 2, 2) =0, 


where A is a polynomial in each of its arguments. As already explained, it 
sometimes proves desirable in this connection to consider two multiform 
functions w and w’, defined by algebraic equations 


C (w, Ww’, a, 2’) = 0, (8) (w, w', Z, 2’) => 0, 


where Cand D are polynomial in each of their arguments. In this event, the 
ordinary processes of elimination enable us to substitute equations 


A (w, 2,2)=0, B(w', z, 2’)=0, 
for the equations C=0, D=0; but care must be exercised to secure that the 


separate roots of 4=0 and of B=0 must be grouped so as to give the 
simultaneous roots of C=0, D=0. 
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For example, we shall have (Chap. vr) to consider an expression 
R (w, w', z, 2) 
J é Dw 
w, w 
where  (w, w’, z, 7) denotes an integral polynomial in w and w’, and where the double 
finite summation extends over the simultaneous roots of C=0, D=0. In the method 


adopted for its evaluation, we are led to introduce terms which arise from combinations 
of the roots of A=0, B=0, that do not provide simultaneous roots of C=0, D=0. 


In the first case, to the function w: and, in the second case, to the 
functions w and w’: the epithet algebraic is assigned. Manifestly, among 
the four variables w, w’, z, 2’, any two can be described as algebraic functions 
of the other two, unless (in limited cases) elimination should lead to a single 
relation between two variables alone. 


In this initial stage, it is not necessary to state the definitions of terms 
pole, accidental (or non-essential) singularity, essential singularity. New and 
modified definitions are required, because functions of two variables possess 
properties which have no simple analogue in the properties of functions of 
a single variable. These definitions will be given later (§§ 57, 58), when 
the properties are under actual consideration. As will be seen, a dis- 
crimination between functions of two variables and functions of more than 
two variables can be made, so as to give a classification proper to functions 
of two variables. We may, however, mention in passing that, in the vicinity 
of any non-essential singularity a, a’,a uniform analytic function is expressible 
in a form 


Q(z—4, Z—a@) 
P(z-a,2z—a’)’ 


where Q and P are functions, which are regular in a domain of a and a’, 
Such a function is sometimes called meromorphic in the vicinity of the 
place a, a’. 


The simplest example of a meromorphic function occurs when both Q and 
P are polynomial functions of their arguments; in that case, the function is 
called rational. 


Some properties of regular functions. 
46. Consider functions that are regular everywhere in some finite domain 


, ae 1 3 ; ; 
of an assigned place a, a’. By writing z—a=€ or <=, according as | a| is finite 


4 


: ; at ; 1 z . : : 
or infinite, and by writing 2’ - a’ =€' or ee according as |a’| is finite or is 


infinite, we can take the assigned place as 0, 0, without any loss of generality. 
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We then have a theorem* connected with the definition of the analytic 


property, as follows :— 


When a function f(z, 7), for values of |z|<r and of |z’| <r’, ws a regular 
function of z everywhere within the assigned z-circle for every value of 2 within 
its assigned circle, and also 1s a regular function of 2 everywhere within the 
assigned z'-circle for every value of z within its assigned circle, it 1s a regular 
function of z and 2’ everywhere within the indicated field of z, 2 varvation. 


Let the function f(z, 2) be represented by a series 
fe *)= 2 nee 


as is possible under the first hypothesis. If M,’ denote the greatest value of 
| f(z, 2’)| for any assigned value z,' of 2 within the z’-circle, and for all the 
values of z within its circle, our series gives 


FS, 2%) — > Im (Z’) an; 


and then by a well-known theorem*, we have 


/ M, 
| Ym (20) |< sa: 
Consequently, if M denote the greatest value of |f(z, 2’); within the 


whole z, 2 field considered, we have 


Mi = M, 


and therefore 
Pew 
| Im (2 ) | < ym ) 


for all values of m, for any value of 2)’ such that | z’|<7’. Consequently, for 
all values of 2 in question, we have 


ee 
|gm(z’) | < rin 

Now f(z, 2’) is a regular function of 2’ for every value of z for which 
|z|<r; hence g, (2’), being the value of f(z, 2’) when z=0, and 


F il om me : 
Im(2 )= am | | ined (2, é ] , 
2=0 


m! 


for all values of m, are regular functions of 2’. Accordingly, we can write 


fo 2) 
uy / 
Im (z ) = 2 Cm,n 2 oe 


n=0 


* The theorem is true under even less restricted conditions. See two papers by Osgood, 
Math. Ann., t. lii (1899), pp. 462—464, ib., t. liii (1900), pp. 461—464; and a paper by Hartogs, 
ib., t. lxii (1906), pp. 1—88. 

+ Theory of Functions, § 22. 


46] REGULAR FUNCTIONS 63 


where the series represents a regular function of 2’; and as | g;, (z’)| throughout 
the whole range of variation of 2 is less than M/r™, we have, again by the 
theorem already quoted, 


ee ap 
| m,n | < m+ 7A 


wo wo 
TAG ez ata > wee Cy 4 oh 2S 
m=0 n= 


if it converges absolutely, we can take it in the form 
3 3 Gaew el ge 
n=0 \m=0 
that is, 
= Im (2) 2”, 
n=0 
and so we shall have 
EGe \en f(z, 2) 
for the field of variation within which F'(z, z’) converges absolutely. But 
we have just proved that 


M 
| Cram | < a 
and therefore we have 
ce Lo 2) | 
poe, 2 is = Cmn 2” 2'"| 
m=) n=0 


(ca) 
< D> |Cmnj |2|™| 2" |” 
n=0 


m=(0 
co oo M 
Ss ae m|p/ \n 
< 5 > papa |? | |2 | 
m=0 n= 
M 


< ae ay 
papa 
r r 
for all values of | z| <r and all values of | 2’| <7”. 


This result establishes the absolute convergence of F(z, 2); and so we 


have 


a feo} 
sg Pe 2 
G2 Ne Cn cee © 
m=) n=0 


where the double series converges absolutely in a field |z|<h<r, |Z |<k <r, 
while & and k’ are not infinitesimal. 


Consequently the function f(z, 2’), under the postulated conditions, is a 
regular function of the variables z and 2’. 
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47. Now let f(z, 2) be a regular function of z and z’ everywhere in the 
domain | 
jz-aler, |&—a <r, 
and within this domain let M be the greatest value of | f(z, z’)|. Then, if the 
power-series for f(z, 2’) is 


f@2)= = = Cnnl(e4a)"e =a )* 
) 


m=0 n=( 


we have 

jp ea Ce) 

0” mini Og oe | \ eee 
and also 

| Cra, | Lil ee oF pm Tipe 
shewing that 
Cet ACE z’) ie m!n! M 
— tia) = 
aemog'” 720, eea pny! Ne 


Another expression for Cp,» can be obtained by a simple extension of 
Cauchy’s well-known integral-theorems for a single variable. Denoting by 
g(z) a function that is uniform, continuous, and analytic, within a range 
_z-a\<r, we have 

uy 


coe ss ee os 


ae he aon g (2) 


dz” ~ Qari} (¢—ay"h 

for all values of n, the integrals being taken positively round any simple 
closed curve which lies entirely within the region and encloses the point a. 
The extension indicated can be established in exactly the same way as these 
theorems just quoted; the analysis and the reasoning are so similar to those 


for the simple case that they can be stated very briefly. 


For our function f(z, 2’) which is uniform, continuous, and analytic, and 
therefore regular, everywhere in the domain 


|je-aler, |2-a ler’, 


we have 
Vie 


QriJ z—a 


f(a, Z)=5— 


dz, 


fom f(z, 2')) m } [2 f(z, 2’) 
Le" Sag) Qari} (z—-a)yrA 
the integrals being taken positively round any simple closed curve which lies 
entirely within the region bounded by |z-—a|=r and encloses the point a, 
and holding for every value of z’ for which f(z, 2’) is defined. Again, f(a, 2’) 
om” f (2, 2) 


and [4 Denim sai owing to the character of f(z, 2’) within the z, 2’ field 


of variation, are regular functions of 2’ throughout the z’-region bounded by 
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|z'—«a’|=r’; hence, by a repeated application of Cauchy’s integral-theorems, 


we have 
f(a, 2 
INGOs male" aes 


oe 2) a 
Pry Ales x [oe ae, 


the integrals being taken positively round any simple closed curve which lies 
entirely within the region bounded by | z —a’|=7r’ and encloses the point a’. 
The variations of z and z are independent of one another, as also are the 
integrations in the two planes of the variables; combining the results, we 


have 
ida = pel ols p dade 
ae 2 {rs of ae qed, 
eee aa A Ba i 


O2™0z™ \,oa vag er?” o— ayn ( Gis a rt u ey 


the integrals being taken round simple closed curves in the z-plane and the 
z’-plane, the z-curve lying entirely within the region | z — a|=r and enclosing 
the point a, and the z’-curve lying entirely within the region | z’— @’|=7" and 
enclosing the point a’. 

We thus have expressions, in the form of double contour integrals, for the 
value of f(z, 2’) and of every derivative of f(z, 2’) at the place a, a’. 


Again, let M denote the greatest value of | f(z, 2’)| for places within the 
whole z, 2’ domain of variation represented by | z—a| <r, |2’—a’|<r’; then 
at every place on the double contour integral we have 

IF (4 2)| <M. 
Proceeding exactly as in the case of a single variable, we can shew that 
| | ‘ SEGA aN 7 ded? | é dor? M, 
(e—a)(¢- 
lf (a, a) |< M, 


which is merely a statement that the value of | f(z, 2’)| at a particular place 
in the field is not greater than its greatest value in the field; and we can 


also shew that | 
W feeeyaare an d2dz ies zl M 


Pane (2 et OD ei pity A! iv , 


and therefore 


and therefore 


amin F(z, 2')) M 
i’ 


; “Ogmoz’™ |, be elhe < min} pin p/n? 
BE Ahh KT 


which is the former result. 


F. o 
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Another method of stating these results is as follows. Let z, 2’ be any 
place within the field of variation where f(z, 2’) 1s regular ; in the z-plane, 
take any simple closed curve lying within the field and enclosing the point z, 
say a circle of centre z, and let ¢ denote the complex variable of a current 
point on this curve; and in the #-plane, take any simple closed curve lying 
within the field and enclosing the point 2’, say a circle of centre z’, and let t’ 
denote the complex variable of a current point on this curve. Then 


t , 
pO aies alle (i oC : =A) ee 
amte F(a) _ _ min re Wi It t) dtdt’. 


Oz™az’” Tess gynti (GE Zyl 


Ex. Prove that, for the foregoing function f(z, 2) and with the foregoing curves of 
integration, the value of each of the integrals 


-alf{ Zz peer dtd, — = al[e f 6 Oat, 


for all positive ue values (including zero) of m and n, is zero. 


48. We shall come later (Chap. vi) to a fuller discussion of double 
integrals involving complex variables ; meanwhile, it will be sufficient to state 
that integrals of the foregoing type, in which the integrations with regard to 
z and to 2’ are completely independent of one another, belong to a very 
special and limited class of double integrals. They may even be regarded as 
merely iterated simple integrals; and many of their properties can be deduced 
as mere extensions of corresponding properties for simple integrals. 


Thus we know that the value of the integral 
1 A 
om [fede 


taken positively round the whole boundary of any region within which f(z) 
is uniform, continuous, and analytic, is zero, even if the region is multiply 
connected ; and it follows, as a corollary, that the value of the integral taken 
round any simple closed curve is unaltered if the curve is deformed without 
crossing any point where f(z) ceases to have any one of the three specified 
qualities. This result can at once be generalised, merely through a double 
use of the result, into the following theorems :— 


I. Let F(z, 2’) denote a function which, over a limited region in the 
z-plane with a complete boundary unaffected by variations of 2’, and over a 
limited region in the z’-plane with a complete boundary unaffected by variations 


of z,is uniform, continuous, and analytic. Then* zero is the value of the 
integral 


1 
| Fie aede. 


“ The constant — 1/41? is inserted here merely for the purpose of formal expression. 
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taken positively round all parts of the complete boundary* of the z-region, 
and positively over all parts of the complete boundary of the z’-region, when 
these boundaries are entirely unrelated to each other. 


II. For the same type of function, and with the same type of range of 
integration, the value of an integral 


i : ? 
-55// Fe 2) dzdz 


is unaltered when the z-boundary and the z’-boundary are deformed separately 
or together in any continuous manner which, while leaving them unrelated, 
does not cross a place where the function F’(z, 2’) does not possess each of 
the three specified qualities. 


It is to be noted that the theorems are exclusive and not inclusive. 
The function F(z, z’) might cease to possess the property of being continuous 
(thus it might be z~*z’-? in a region round 0, 0), without causing the integral 


to be different from zero as in the first theorem, and without preventing the 
deformation contemplated in the second theorem. For the moment, we are 
concerned with the theorems as enunciated. 


49. As an illustration of the use of all the preceding theorems, we shall 
establish the following proposition :— 


Let f(z, 2) denote a function which is regular everywhere in a z, z' field 
represented by the relations 
ponerse Weer 
and let t and t’ be current variables in that field. Then the magnitude 


Ft t’) Chae gith gmt y/nt1 


; I ; 
f, Z)+ Ar? {| (¢— z) G mn Z) lem se pnt a dtdt’, 


when the double integral is taken positively round a simple closed curve 
enclosing the z-origin and the point z in the z2-plane, and positively round 
a simple closed curve enclosing the z’-origin and the point z’ in the z'-plane, is 
a polynomial P (z, 2’) of order m in z and of order n in 2’, such that 


eS (z, z')) - (CRMs (2, 2’) 


2" oz"* i) zeae se ( dz" dz'* ae 


for the values r=0,..., m and s=0, ..., x in all simultaneous combinations, 
the descriptions of the two curves being unrelated. 

* That is, with the customary convention as to the positive direction of any portion of the 
boundary when the included area is multiply connected ; see my Theory of Functions, § 2. 
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The result can also be stated in the form 


Pe 2)=— gah ene yt GH f é | Seth 


and can easily be established from this form by inserting the values of 


f= yl (1-2) ant (1 (0) ee er ‘ 
iu fe) We (1 and \! >) : (1 4) and using the preceding 


theorems as they stand. 


The derivation of the result from the first form requires a different use of 
the theorems: it is set out as an exercise in integrals, as follows. 

As our function f(z, 2’) is everywhere regular within the specified field, 
the only places where the subject of integration ceases to be regular within 
the selected domain are 

(oF atte2 te; (1) att=2z, 7=0; 

(ili) Stt=0, ¢=2;3 “and (iv) att=0, 7=0, 
After the preceding theorems, it is sufficient to take the double integral 
positively along small curves round these places. 

For a double integral, taken positively round small circles, one in the 
z-plane round the point z and one in the z’-plane round the point 2’, so that 
we should have 

t—z=pe%, t—2 =p'e%, 
where p and p’ are small, while @ and 6’ vary independently each from 0 to 
2a, the value of the integral 


1 : git gt gmt p/n+1 dt dt’ 
pyescee t sie, 
Ar? [[s (t, ’) a he nti ae (t = A) (eo ex z’) 


is the value of 


gmt. grt gmt ,/n+l 


S(t, t’) m= ‘ip {rn ae gmt gin | 


when t=z, =z’; that is, the value of the integral for the double small 
contour round z and 2 is f(z, 2’). 

For a double integral, taken positively round small circles,.one in the 
z-plane round the point 2, and one in the z’-plane round the origin, we have 
t—z=pe", t =pa?* 
where p and p’ are small. We then expand (t’—z’)™ in ascending powers 
of t’/z’, and obtain the subject of integration in the form 

if (ihe t) (Zan 1 Yn See Boa = t's 


a = i Ca tr emriyin | reap sh" 


Let integration be effected first along the path in the z-plane; on the 
completion of the path, the value of the integral is 


a ee ‘ grr yn t's ; 
— ae ‘(1 ar {nti a a) (= aa) dt’, 
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that is, 


a | £6 2) (3 yen) a 


This integral is to be taken en a small closed path in the z’-plane round 
t =0, and f(z, t’) is regular; hence the value of the integral is zero. Thus 
the double integral, taken round the place t=z, ¢'=0, contributes zero to 
the value of the general double integral. 


Similarly the double integral, taken round the place t = 0, t’ = 2, contributes 
zero to the value of the general double integral. 


For a double integral, taken positively round small circles, one in the 
z-plane round the z-origin and one in the z’-plane round the z’-origin, we 
have 

t=pe", t=per’, 
where p and p’ are small. We then expand {(t—z)(t’—z’)}~ in ascending 
powers of ¢/z and ¢’/z’, the expansion being” 
SS eeegway-. 
w=0 v=0 
and so the subject of integration becomes 


gmt ete gmt fn 
SG t’) pm + vi  pmt+iz4/nt1 


The value of the part 


tee” 
git g/vH* 


Pe 
w=0 v=0 


cigs at a 
a |[ re hes pa a BS ay peti o/vt1 didt, 


taken round the contour as indicated, is zero (Ex., § 47), because there are no 
negative powers of t’. Similarly Po value of the part 


il tee? 
za/[re t ee yn m0 2 pa vt dtdt 
is zero, Again, the ce of the ee 


1 SRE ROLE 
Agr? [reo Necepras 


doe A) 
|. Pele oven Wey eae? 
for all integers r= 0, 1, ..., and all integers s=0, 1, .... When either of the 
integers 7 and s is negative, and when both of the integers are negative, the 
value of the integral is zero. Hence, taken positively along the small contour 
that encloses the z-origin in the z-plane and the z’-origin in the z’-plane, we 
have 


1S 


1 / FG t’) gmt ,/n+1 at 
(t 3 z) (t’ ah z) fini pnt 


| Mes 


m n at 2/8 CUTE, J} | 
Auge os 0 ze 4 ot” at's t=0, t’/=0 ; 
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We thus have the full value of the integral 
J M+ /N+1 M+1 y/N+1 
A oS eee 
Ar? (t a Z) (t a ) pm nt firt1 ft n+1 
taken positively round our contour in the z-plane enclosing the z-origin and 
the point z, and our contour in the z-plane enclosing the -origin and the 


A oleae a yao a 
G7 nae 3 | (ree leer 


pau =O NS) 


point 2’; it is 


Consequently our magnitude 
fe) + de lf eee Wee 
is equal to the polynomial 
oS (a 
ae Spa tee Cl Steere 
and when this polynomial is denoted by P (z, 2’), we manifestly have 
(ort DP (ze2 )} al ee )) 


, , y ve .. 
02" 0z'* ere. ot ot ® t=0, t’=0 


dtdt’ 


M 


The proposition is thus established. 


The result, in either form, shews that it is possible to construct an ex- 
pression the value of which shall be a polynomial approximation to the value 
of a function f(z, 2’) in a field where it is a regular function of its arguments. 


Ex. Evaluate the integral 


JG e) gm+l int 
~ Ag? =e 2 a+ pmtl grt dt dt’, 


with the same suppositions as to the function f (z, 2’) and the range of integration. 


50. In connection with the function f(z, 2’), which is regular within 
the field |z—a|<r and | 2 —a’|<7’, and for which | f(z, z’)| is never greater 
than M for places in the field, consider a function $(z, 2’) defined by the 


relation 


Evidently ¢ (z, 2’) can be expanded in a double power-series in z—a and 
z’ — a’, which converges absolutely for values of 2 and 2’ such that 


|jz—ajep<r, |#/-adl\ep <r; 
and it has the form 
(4, 2)=M > pa aaa 


‘— a) 
m=0)0n=0 re 


yn 
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Hence 


Oe a) m} Mg pss Sy (p +m)! (¢+n)l(2— a)? (2 — a’)? 
Oz Og Spy! p=0 9=0 m! p!n! q! yP rq 


3 


and therefore 


jor db (2, 22} mint, 


on" oc 
for all values of mand n. It therefore follows that 
If (a, a) |< (a, a’), 
omtn g m+n Ny) 
{= SF (, Bes <|* area ’ 


oz” Oz'” 02" oz” 


The function ¢(z, z’), related in this manner to a function f(z, 2’) from 
some characteristics of which it is constructed, is called a dominant function. 
Manifestly the result can be extended to any number of independent complex 
variables by a precisely similar process. 


These dominant functions prove to be of great importance in various 
regions of analysis; thus, for example, they are of general use in the present 
methods of establishing many theorems concerning the actual existence of 
integrals of whole classes of differential equations, particularly in connection 
with certain broad external assigned conditions under which those integrals 
exist. 

A dominant function ¢ (z, 2’) 1s not necessarily unique. In the same 
circumstances as before, consider a function yf (z, 2’) defined by the relation 


ie M 
YG" ana ena 
r r 


which also is expressible as a double power-series in z—a and z’—a’, con- 
je—aj |e’ 
+ 


verging absolutely for the region Be bade 1. Proceeding as 
ging yi § 2 8 


for ¢ (z, 2’), we find, for all integer values of m and n, 


i PO), 


oz” dz” 


Now (m+n)! >m!n!; hence 


a Ve (z, Z 4 Ss qe ) (z, o} 


Zn o2™ dz’™ 


02” 02% 
Gy, (4, Zz ee 
| : |}? 


= gm 4) Va 


so that yy (z, 2’) also is a dominant function *. 


* Poincaré uses the term majorante. 
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¥ 

51. During the foregoing investigations, particular series in suitable 
circumstances have been declared to converge; and it will be noted that, in 
such series as have occurred, the convergence has been absolute. We do not 
propose to consider, in detail, the general theory of convergence of double 
series. When convergence is absolute, no other kind of convergence need be 
considered specially ; and such series, as will be discussed in these lectures, 
will be discussed with a view to absolute convergence. What is wanted here 
is a knowledge of some non-infinitesimal region of variation of the variables 
in which the respective series converge absolutely *. 


In this regard, one warning must be given. Both in what precedes and 
in what will follow, a region of variation, in which a double series converges 
absolutely, is usually defined by a couple of relations of the form |z{<p <7, 
| 2’| <p’ <7’, where p, p’, 7, 7’ are positive constants, while r and r’ are not 
infinitesimal. It must not therefore be assumed—and it is not the case in 
fact—that the whole region, within which a double series converges absolutely, 
must be determined by two (and only two) relations of the preceding form ; 
thus the whole region of absolute convergence of the double series, that 
represents the dominant function wy (z, 2) of § 50, is determined by the 
single relation 


da LS 


r 
as there stated t. 


To repeat the substance of what has just been said, what is mainly 
wanted at the initial stage is a knowledge of some non-infinitesimal region 
of absolute convergence of the series, not necessarily a knowledge (however 
desirable) of the whole region of convergence. 


52. Three simple propositions relating to uniform analytic functions can 
be established at once. 


I. A uniform analytic function must acquire infinite values somewhere 
in the whole z, z field, unless it reduces to a mere constant. 


Suppose that a uniform analytic function f(z, 2’) does not acquire infinite 
values anywhere in the 2, 2 field. In that event, there must be some 
greatest value for |/(z, 2’)| in the field, say M, where M is finite; and no 
matter how the field is extended, this value of M for | f(z,2’)| cannot be 
exceeded, 


Accordingly, we take a domain in the field, determined by the relations 
IZ|<R, |2|<k; 


* For the theory of absolute convergence of double series, readers may consult Bromwich, 
An introduction to the theory of infinite series. 


+ Other examples of the same type are given by Bromwich, p. 504 of his treatise just quoted. 
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and, under the hypothesis, we can make R and R’ as large as we please. We 
still shall have, over this domain, M as the greatest value of | f(z, 2’). 


In the domain thus chosen, let f(z, 2’) be represented by a double power- 
series, as in § 47; and let the series be 


/ 
2 2G ae a 
m=0) n= 


By our preceding results, we have 
M 


Cm, n | << R Rw 


for all values of m and of n, independently of one another. We can increase 
the domain of the field to any extent; so that, by increasing R and Rf’ 
sufficiently, we can make 
| Cm,n | = 0, 

for all values of m and n except simultaneous zero values. Hence, under 
the hypothesis that f(z, 2’) does not acquire infinite values, every term 
in the series vanishes except the first, which is a constant; the proposition 
therefore is established. 

Note. It is obvious that the place, where a function acquires an infinite 
value, does not lie within the domain over which the function is regular nor 
(to anticipate the explanations conneeted with the continuation of series 
representing regular functions) does such a place lie within the region of 
continuity of the function. Every such place lies on the boundary of the 
region of continuity of the function, 


Thus consider the function 

ate 

z—-Z 
For all places other than z=0, z’=0, which lie in the field and are given by 
z=z', the function is infinite; such places do not lie within the region of 
continuity of the function. At the place z=0, 2 =0, the value of the 
function is indeterminate; near z=0, 2 =0, say such that 

gare, sf = re", 

where 7 and 7” are small, we have . 
Sar kerr cos G—'7))} 
~ (r+ r? — Qrr’ cos (0 — 8) ’ 
which as r and 7” tend to zero independently of one another can be made to 
acquire any value. Thus at z=0, z’=0, the function is not regular; the 
place does not le within the region of continuity of the function. 


a 
2 


ay 
2-2 


II. If two functions, both of them regular within one and the same 
domain, acquire the same value at every place within any region of that 
domain, they acquire the same value at every place within the whole 
domain, the region (like the domain) being one of four-fold variation. 
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Firstly, suppose that the origin of the domain les within the region 
considered; and round that origin, take a smaller domain given by |2|<k<p 
and | 2’ |<k’ <p’, lying entirely within the region. 

Let the two regular functions be f(z, 2’) and g(z, 2’); and suppose that 
the double power-series representing them in the whole domain are 

T GS Ge 
m=()n=0 
9, 4)= Ses ee Mrs 
m=0n=0 
both series converging absolutely within that domain. Then the difference 
of the functions f(z, 2’) — g(z, #) is represented by the absolutely converging 


double series 


y 
2 (Gan Enno 
m=) n=0 


Now this function is everywhere zero within the smaller domain, so that its 
(greatest) modulus M, never differs from zero; accordingly we have 


| Cm, na lee n < ooh 
p™p 
= 0, 
so that 
Cn, n = Kae n> 


for all values of m and n. Consequently, the coefficients in the power-series 
representing the functions are the same; and so the two functions are the 
same within the whole domain. 


Secondly, when the origin of the domain does not lie within the region 
considered, we take an origin within that region; and proceed as before. 
The coefficients in the power-series, representing the two functions in the 
smaller domain round the new origin, are the same. There, these coefficients 
determine the functions uniquely; and so, when the process of analytical 
continuation (§ 56) is adopted in exactly the same way for the two functions 
so as to cover the whole of the original domain in which they are regular, the 
two functions remain everywhere the same within the whole of that domain. 


Ill. If f(z, 2’) isa regular function of z and 2’ for all finite values of 
the variables, and if there exists a finite positive quantity M such that, no 
matter how | z| and | z’| are increased, there exist integers m and n for which 


pin 


mM »! 
gm 2/n 


<M 


> 


then f(z, 2’) is a polynomial in z and 2’, of degree m in z and of degree n 
in 2’, when m and n are the smallest integers satisfying the condition. 


Let f(z, 2’) be expressed as a double power-series 


iC ee Ree EN LAG 
p=0 q=0 
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then 


“p49 ~ p! q! { 02” 02/4 


1 ff f@Gt) 
es | {P+ ¢/gH dt dt’, 

where the double integral is taken round any simple closed contour (say 
a circle) enclosing the origin in the z-plane, and any simple closed contour 
(also say a circle) enclosing the origin in the z’-plane. Let the former circle 
be of radius R and the latter of radius R’, so that we can take 


Fane t =e’ *: 


1 1 (arta f(z, at 
z=0, 2’=0 


then 
pal S(t, t)| , 
| Co, | Sane? {f “4P ET- eee 
Now no matter how |¢| and |¢’} increase, we have 
S(t, #) 
gman |S M, 
and therefore 
CAG Ee M M 
tP ¢/4 << tp—m f/q-n | < Re-m Riven 
Consequently 
1 M ; 
| Cp, 4 | << Aiqr? Re-m Riv i de do 
M 
< Rem Re 


By hypothesis, we can increase R and R’ without limit; hence, for all values 
of p that are greater than m, or for all values of g that are greater than n, 
and for both sets of values simultaneously, we have _ 

iCp,q| = 9, 
and therefore 

Cp,q = 9, 

for those values. Accordingly, when we remove from the series those terms 
which have vanishing coefficients, the modified expression for f(z, 2’) becomes 


p=0q=0 
shewing that f(z, 2’) is a polynomial in z and 7, of degree m in z alone and 
of degree n in 2’ alone. 


53. It follows, from the first investigation in § 52, that a uniform analytic 
function must acquire infinite values. In particular, a general polynomial in 
z and 2 acquires infinite values, when |z| is infinite while | z’| is not zero, 
or when |z’| is infinite while |z| is not zero, or when both |z| and |2z’| are 
infinite, though in the last event conditions may have to be satisfied*. 


* For example, the function 1+2+<2’ does not become infinite when | is infinite and | z’| is 
infinite unless |z+2’| also is infinite. 


76 INFINITE VALUES AND [CH. Ill 


The questions then arise:—Must a uniform analytic function of z and 2’ 
acquire a zero value within the whole field of variation? And, what is a 
subsidiary question governed by the answer to this preceding question, must 
a uniform analytic function of z and 2’ acquire any assigned value within the 
whole field of variation? Naturally, in considering the questions, we assume 
that we are dealing with functions that do not reduce to a mere constant. 


First, a brief proof will justify the answer that a uniform analytic function 
of z and z must acquire a zero value somewhere within the whole field of 
variation. Let f(z, 2) be a function of z and 2’, which is uniform; con- 
sequently, if 


b= Fe zy 


the function ¢(z, 2’) is uniform. Further, ¢ (z, 2) is continuous, unless f(z, 2) 
has zero values. Let f(z, 2’) be analytic; then #(z, 2’) also is analytic. 
Thus, assuming that f(z, z’) is a regular function, that has no zero within 
the whole field of variation, its reciprocal ¢ (z, 2’) is uniform, continuous, and 
analytic throughout the domain where f(z, 2’) is regular. Consequently, 
$(z, 2) is a function that is regular throughout the whole field. 


Now we have seen that a uniform analytic function must acquire an infinite 
value or infinite values somewhere in the field of variation of the variables ; 
hence our function ¢(z, 2’) must acquire an infinite value somewhere, that 
is, the regular function f(z, 2’) must acquire a zero value somewhere and 
therefore the hypothesis, that f(z, 2’) has no zero, is untenable. But as was 
the case with the place where the function acquires an infinite value, so that 
the function is not regular there and the place does not belong to the region 
of continuity of the function, so it may happen that a place where a function 
acquires a zero value does not belong to the region of continuity of the function. 


Thus the function e?*+* is regular over a domain given by finite values of |z| and finite 
values of |z’|; it is not regular for infinite values of |z| alone and of |2z’| alone, because it 


“ae 1 1 : Sed, : 5 
cannot be expanded in powers of - and |=. When z is real, infinite, and negative, while 
z Z 


|z’| is finite, the function e?+”=0; and so for other places. No one of these places 
belongs to the region of continuity of the regular function e+”. 
fo) fo} fo} 


The corresponding question, as to the acquisition of an assigned value a, 
would similarly be answered in the affirmative after a consideration of the 
function f(z, 2’)— a which, under the foregoing argument, would have to 
acquire a zero value; so f(z, 2’) would have to acquire an assigned value. 


The difficulty, that the zero of the function perhaps will not occur in the 
domain of regularity, may be illustrated by returning to the corresponding 
question in the theory of functions of a single complex variable ; indeed, it 
would be raised directly, for example, by taking 2’=0, in the case of a 
regular function. 
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54. It is a result, in Weierstrass’s theory of uniform functions of a 
single variable*, that, in the vicinity z of an essential singularity of a uni- 
form function f(z), there always is at least one point within a circle 
|z—4|=¢, where ¢ is any assigned small quantity, such that 

f@-al<e 
where @ is any assigned quantity. But the specified point does not need 
to be distinct from the point z. 


Picard+ discriminates between essential singularities. according as the 
value @ is, or is not, actually acquired at a point inside the circle |z— z|=e 
which is not its centre, the centre being the essential singularity. As 
examples, illustrating the discrimination, he adduces the two functions 

i 
pees 
sin — 
Zz 
considering both of them in the vicinity of their essential singularity at 
the z-origin. 


NY 


The function} 1 / sin (5) has any number of poles in the immediate 


vicinity of the origin; they are given by OS Ta where k is any integer 
CTT 
sufficiently large to keep z within the suggested vicinity. The function 
does not vanish for any value of z (other than z= 0) within that vicinity?. 
But consider a range of z near z=0 along the positive part of the axis 
of y, so that we can write 
Z=tr, 
where the small positive quantity r is at our disposal; we have 


20 


The denominator can be made as large as we please by making r as small 
as we please; my own view is that, when r is made zero, so that z 
approaches the origin along the axis of y and falls into the origin, the 
function in question does actually acquire the value zero at the origin. 
But the value is acquired only at the essential singularity z=0, and at 
no point in the vicinity of z=0, other than the centre itself. 


Similarly for the other function. 


* Weierstrass, Ges. Werke, t. ii, p. 124; see my Theory of Functions, § 33. 

+ His valuable, and far-reaching, ideas were expounded in some memoirs to which reference 
is given in his Traité d’Analyse, t. ii, ch. v. See also, for further investigations, Borel, Lecons 
sur les fonctions entieres, (1900), ch. i; ib., ch. v; ib., Note r. 

} Picard, J. c., p. 126, p. 128; in the second sentence, I have added the words “other than 
B08 
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The difference between Picard’s statement and my own is obvious. 
Picard considers the vicinity of z)=0, and does not include the actual 
point z=0, not regarding it as a point where the value or a value of 
the function can be stated. I do include the actual point z.=0 and do 
regard it as a point where, if the function nowhere else acquires some 
assigned value, it must there acquire that assigned value; and that assigned 
value can then be stated as a value that can be acquired there. But the 
point z= 0 is actually merged in the essential singularity. 

And, it need hardly be added, all the valuable investigations* of Picard, 
Hadamard, Borel, and others, are unaffected by these considerations. The 
discrimination is between functions, that acquire an assigned value in the 
vicinity of the essential singularity at a point which does not coincide with 
the singularity, and functions that acquire the assigned value only at the 
essential singularity. 

The whole discussion thus suggests, even for functions of a single variable, 
the idea of places where our function, regular within a domain, ceases 
(at the boundary of the domain, or elsewhere) to maintain its character 
of regularity. To the consideration of these possibilities we now proceed. 


55. First, however, in connection with the earlier remarks, a reference 
to a theorem by Picard must be made. 


It may happen that an integral function f(z) cannot acquire a finite 
value a@ for a finite value of z, so that the equation f(z)=a then has no 
finite root; thus e?=0 has no finite root. Picard shews that an integral 
function f(z), which for finite values of z cannot acquire a finite value a and 
cannot acquire another distinct finite value b, reduces to a constantf. 


The similar question would then arise for an integral function G (z, 2’) of 
two variables. Suppose that there are no values of z and 2’, which are 
simultaneously finite, such that G(z, 2’) can acquire a special finite value a; 
and similarly suppose that there are no values, also restricted to be simul- 
taneously finite, such that G(z, 2’) can acquire another special finite value b, 
where 6 is different from a. To 2’ assign a finite value c’; as @(z, 2’) is 
an integral function of z and z’, being regular for finite values of z and 2’, 
then G (z, c’) is an integral function of z. By the suggested postulate about 
G (z, 2’), the integral function G (z, c’) cannot acquire for finite values of z 
either the finite value a or the different finite value b; accordingly, by 
Picard’s theorem, 4 (z, c’) can only be a constant, which must necessarily 
be a finite constant because |G (z, 2’)| is finite for finite values of z As 
this holds for any assigned value c’ of z’, it follows that G (z, 2’) is constant 


* See the lectures by Borel, already cited, 

+ Picard’s proof depends upon the theory of modular functions (T'raité d’ Analyse, t. ii, 2nd ed., 
pp. 251—254). Borel, (Legons sur les fonctions entiéres, Note 1, pp. 103—106) gives a direct 
proof of this theorem without the intervention of any theory of special functions. 
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for each assigned finite value of 2’; but the constant values of G (z, 2’) 
are not necessarily one and the same. Now G(z, 2’) is an integral function 
of z’, because it is an integral function of z and z’; hence all the requirements 
will so far be met by taking 

Gz, #)=9 (), 


an integral function of z alone. 


Again, by the suggested postulate about G(z, 2’), there is no finite value 
of z’—simultaneously with a finite value of z—for which G (z, z’) can acquire 
the finite value a or the different finite value b; and therefore there is no 
finite value of 2 for which the integral function g(z’) can acquire the finite 
value a or the different finite value b. By a repeated application of Picard’s 
theorem, it follows that g(z’) can only be a constant, and therefore @ (z, z’) 
can only be a constant. 


It therefore follows that, if an integral function G (z, 2’) cannot, for any 
fimte value of z and any finite value of z taken simultaneously, acquire 
a finte value a; and also cannot, for any finite value of z and any finite 
value of 2 taken simultaneously, acquire a finte value b different from a; 
then G(z, 2’) is a constant. 

The result is manifestly the merest generalisation of Picard’s theorem. 
It is specially important to note that the limitation about the non-acquisition 
of the finite values a and b is confined to finite values of z and of z’. A variable 
function may be unable to acquire a finite value a for finite values of z and 
z’, but could acquire that value for infinite values of z and finite values of 2’, 
or for finite values of z and infinite values of z’, or for infinite values of z and 
of z’; such is the case, for the value zero, of the variable integral function 

eh 2) 


where P (z, 2’) is a polynomial in z and 2’. 


Analytical Continuation. 
56. Now let us consider a function f(z, 2’), which is regular everywhere 
in a domain round a place a, a determined by 
|jz—-al<r, |2 —-a'|<1; 
it can be represented by a double series of powers of z—a and z —d’, the 
series converging absolutely for values of z and 2’ such that 
zw=alrep<7, |2—al<p <T. 
Denoting the series by P (z—a, 2 — a’), we have 
f( z)=P(z-a, 2-2’) 
for values of z and 2 thus defined. The values of the constant coefficients 


in the double series are determined by the values, at the place a, a’, of the 
derivatives of the function f(z, 2’) of the appropriate orders. 
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Such a series* may be capable of the process called analytical continuation 
outside a given domain within which the series represents a regular function. 
Let z=) and 2 =D’ be any place within the domain; at this place 3, b’, the 
values of the function f(z, 2’) and of its derivatives are unique and finite, 
and they can depend upon the origin a, a’ of the domain. 


Because the place 6, b’ lies within the domain of a, a’, where f(z, 2’) 1s 
regular, there is a definite domain, actually lying within the domain of a, a 
appertaining to the place b, b’, and providing a region over which f(z, 2’) 
is regular; this domain is given by the relations 

|jz—b\<r—|b-a|, |2/-b'|<r'-|b'-a'|. 
Let the double power-series be constructed to represent f(z, 2’) within this 
definite domain. The coefficients in this new double series are determined 
by the values, at the place b, b’, of the function f(z, 2’) and of its derivatives ; 
and these may depend for their expression upon the initial double series 
P(z—a, 2 —a’). Denote this new double series by 
Q(z—b, 2 —b'; a, @’). 

Within the specified domain round 8, b’, which belongs also to the domain 
round a, a, we have two power-series representing one and the same 
regular function f(z, 2); accordingly, (II, § 52) for all places z, 2’ within that 
specified limited domain, the new series Q provides no expression for the 
function f(z, 2’) which, in significance, is additional to the expression for the 
function f(z, 2’) provided by the old series P. 


But now consider the range ef absolute convergence of the double series 
Q, which will be the general domain of the place 6, b’. It certainly 
includes the preceding specified domain, which les within the general 
domain of the place a, a’ in connection with the absolute convergence of 
the series P. It may extend beyond the boundary of that preceding 
specified domain; if it does, then it includes places z, 2 not included 
within the domain of a, aw. For all such places, the series Q converges 
absolutely and therefore has a.umique significance whereas, for them, the 
series P has no significance. 


Accordingly, when some of the general domain of b, b’ as connected 
with the absolute convergence of the series Q lies outside the general domain 
of a, a as connected with the absolute convergence of the series P, our new 
series @ provides an expression for a regular function of z and 2 which is not 
provided by the old series P, while over the region common to the two general 
domains the series Q represents the regular function which is represented by 


* For many of the investigations which are given at this stage, reference can be made to the 
memoir by Weierstrass, ‘‘ Einige auf die Theorie der analytischen Functionen mehrerer Verin- 
derlichen sich beziehende Satze,” Ges. Werke, t. ii, pp. 135—188. A doctor’s thesis by Dautheville, 
‘Ktude sur les séries entiéres par rapport a plusieurs variables imaginaires indépendantes, ” 
Gauthier- Villars (1885), may also be consulted. 
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the series P over the domain of a, a’. Using the term adopted for the 
corresponding result in the similar event for functions of a single variable, 
we say that (in the supposed circumstance of the more extensive character 
of the general domain of b, b’) the series Q is a continuation, sometimes an 
analytical continuation, of the series P; and we call each of the two series 
an element of the regular function which they help to represent. 


The process may be repeated by selecting a new place c¢, c’, lying 
within the general domain of b, b’ and not within the general domain of 
a, a. When a definite domain of c, c’ is constructed lying within the 
domain of b, b’, and when we form a new double series for the function 
represented by Q(z—b, 2 -b'; a, a’) by taking the value of the function 
and of its derivatives at c, c’ as determining the coefficients for this new 
series, we can denote this series by 


Riz=¢, 2 —c ; a, a’; b, 0’). 


Within the specified domain round ¢, c’, the new series R represents the 
same regular function as is represented by Q within that domain. 


Again, now consider the range of convergence of the double series R, 
which range will be the general domain of ¢, c’. It certainly includes the 
specified domain round ¢,c’. It may extend beyond the boundary of that 
specified domain ; and then it includes places z, z’ not included in the general 
domain of 6, b’ and, when ¢, c’ is properly chosen, not included in the general 
domain of a, a’. For all such places z, 2’, within the general domain of ¢, c’ 
and outside the general domains of b, b’ and of a, a’, the series R provides 
a regular representation of the function which is not provided either by the 
series Q or by the series P, while over the part of the domain of ¢, c’ that 
belongs to the domain of b, b’ it represents the same function as is repre- 
sented by the series Q. In this event, the series R provides a continuation 
of the series Q and it is another element of the function, now represented 


by the series P, Q, R. 


And so on, from domain to domain. The ultimate aggregate of all the 
series, each providing a new element, is the combined analytical expression 
of a function. The ultimate aggregate of the z, z’ field, provided by all the 
domains, is called the region of continmty of that function. 


It is clear, after earlier explanations, that one of the simplest instances 
is provided by an integral function, that is, a double series converging for all 
finite values of z and 2’; and its region of continuity consists of the part of 
the z, 2 field given by finite values of z and 2’, 


Ex. Consider the double series 


faves ae? 
r=0 s=0 
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1 
which converges for values of |z|<&<1 and |2|<k<1. At the place MeO 


Jg=- * we have 
1 Q\2 
pete ee aie 
1 : iv 3 
+5) (+3) 
Sim, ages 1 a Gr 
Mint Vomit enu ral a NS ; 
(hg) 9(145) 
l - . 
When we form a series in powers of z + and 7 += g? 80 that —= 5 and - : is the new origin 


for a new domain, the series converges ie values * z and 2 ate that 


om 
ata 5\< BU Ss 
Wee. n ha! a 7 +5)» 
2 min! 
Ss He +n+2 “ 2 3) (2 t 3) 
m=0 n=0 3 2 2 : 


For values of |z|< 4<1 and |z’|< #’<], the series gives no representation of f which is 


/ 1 ay 3 
ones 


The series is 


that is, it is 


a i and values of 


not given by the first series. For values of |z| >1 such that 


|| >1 such that <l' <=, the second series does give a representation of f which 


is not given by the ne series. 
The first series is the expansion, within a domain round 0, 0, of the function 
1 
(-a(1-7)° 


When we sum the second series, we have, as the sum, 


that is, 


(=a (1—#)’ 
verifying the property that the two series, within their respective domains, are elements 
of one and the same function. 


Singularities of uniform functions. 


57. Any region of continuity of a function that is uniform, continuous, 
and analytic has for its boundary a place or an aggregate of places (whether 
these are given by values of the variables that are continuous in succession 
or are given by discrete sets of variables) where the function ceases to be 
regular. Such a place is called singular by Weierstrass*. 

Let k, k’ be a singular place for a uniform function f(z, 2’); then in the 
immediate vicinity of k, k’, the function cannot be expanded as a converging 


* See the memoir cited (§ 56) above, p. 156. 
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series of powers of z—k and z—k’. Two alternative possibilities present 
themselves as to the behaviour of functions in the vicinity of such a place. 


Under the first of these alternatives, it can happen that a power-series 
P,(z—k, 2 —k’), representing some function regular at hk, k’ and vanishing 
there, exists such that the product 

Pik, 2 —-k’) f(z, 7) 
is regular in the immediate vicinity of k and k’. Denote this product by 
F(z, 2’). Then F(z, 2), being a regular function of z and 2’ in the immediate 
vicinity of k and k’, can be expanded in a double series of powers of z—k and 
z —k’ which converges absolutely within non-infinitesimal regions round k 
and k’. Denote this new series by P,(z—k, 2’ —k’); then we have 
ny Pi (z-k, #-FK) 
12) — Blamk d=): 

Following Weierstrass*, we call such a place an wnessential singularity of 
the function. 


Under the second of the alternatives indicated, it can happen that no 
power-series P,(z—k, 2 —k’), representing some function of z and 2 regular 
in the immediate vicinity of £, k’, exists such that the product 

Pi (@—k, 2’ —k’) f(z, 2’) 
is regular in the immediate vicinity of k, k’. Following Weierstrass*, we 
call such a place k, k’ an essential singularity of the function f(z, 2’). 


It is to be noted, in passing, that, for the occurrence of an unessential 
singularity, it is sufficient to have a single power-series P, such that the 
product P,f is regular in the immediate vicinity of the place. But there is 
no assumption (and it is not universally the fact) that only a single power- 
series exists having this property or that all such power-series, as exist 
having this property, are expressible in terms of P, alone. When two 
different expressions for the uniform function f(z, 2’) are obtained in the 
vicinity of the place k, k’, they must be equivalent; and we should then 
have a relation 

Q(¢-kh,7-k) Pi(z-k, 7 —-F) 

Q,(¢—kh, 7-Kh) Py (—k 7 — Kh) 
We shall assume that, while P,(0, 0) and P,(0, 0) vanish, the power-series 
P, and P, possess+ no common factor vanishing at k, k’, whether it takes 
the form of a regular power-series or a mere polynomial which is a special 
case of a regular power-series. Similarly, we shall assume that Q, and Q, 
possess no common factor vanishing at &, kh’. Now 
Pi (z—-k, 2 -—k’ 
Py (@-k, 2 —k’ 


Q, (2-k, 2 -—k)= 


GrlaCs. Da Loue 
+ This matter will be considered later, so as to obtain the conditions necessary and sufficient 
to justify the assumption. 


50 Ce 


6—~ 2 
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Here Q, is regular in the immediate vicinity of k, k’, while P, and P, have 
no common factor vanishing at k, k’; hence @ must contain P, as a factor, 
Let F denote the quotient of Q, by P,, so that Fis regular at k, k’; then 
if Qo = PF, Q, = Pf. 

Again, 

Q:(¢—k, 2 —F’) 
Q (z—k, 7 —-k’) 
Here P, is regular in the immediate vicinity of kh, k’, while Q, and Q, have 
no common factor vanishing at k, k’; hence P, must contain Q, as a factor. 


But 


Pi(z-k, #-k)= Pi (z-k, 7 —-Kk’). 


i 
Py= Qo. ws 


and therefore 1/F' is regular at k, k’. Consequently both F and 1/F are 
regular at k, k’; and therefore F does not vanish at k, k’. It is not difficult 
to see that we then may choose a domain round h, k’, which may be small 
but is not infinitesimal, such that F does not vanish in that domain; and 
then the behaviour of Q in the immediate vicinity of the place kh, k’ is 
effectively the same as the behaviour of P, in that immediate vicinity. 


Likewise for P, and Q, if they vanish at k, kh’. When either does not 
vanish, the other will not vanish; they are different from zero at k, k’ 
together. 


It follows that, in discussing the behaviour of f(z, 2) in the immediate 
vicinity of k, k’, any representation of f(z, 2’) by a quotient P,/P, can be 
used, if P, and P, have no common factor*. 


58. In the case of functions of a single variable, it is known that there 
are different types of essential singularities, whether these occur at isolated 
points, or along lines, or over continuous areas. Special kinds of essential 
singularities are considered in that theory, and they furnish partial charac- 
teristics of some classes of functions; for example, not a few definite results 
have been achieved when the essential singularities in question can be 
approached as the limits of groups of particular points of a function; but 
the theory is far from easy or complete. A fortiori, it is to be expected that 
even greater difficulties will arise in the consideration of the types of 
essential singularities of uniform functions of a couple of variables. 


But when we deal with unessential singularities of uniform functions, 
there is a real divergence between the theory of functions of a single 
variable, and the theory of functions of two variables or more than two 
variables. In the case of functions of one variable, there is only one type 
of unessential singularities, the only variation in the type being the variety 
of the order; such a point a is said to be an unessential singularity (or a 


* The relation between two such functions as P, and Q, will be considered fully in Chapter 1v: 
in particular, see § 64. 
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pole) of a function f(z), and of order n for the function, when there is a 
positive integer n such that 

(2—4)"f(2) 
is finite and not zero at the point. 


In the case of uniform functions of two variables, we arrange the un- 
essential singularities in two distinct types or classes. After the explanatory 
definition we know that, in the immediate vicinity of k, k’, the function 
F(% #) can be expressed in the form 

, Li @-k, 7k’) 
IZED ay 
where P, and P, are converging double series in powers of z—k and z’—k’, 
of which P, vanishes at k, k’. 


4 


Two different cases then can occur as alternatives, discriminated according 
to the value acquired by P, at h, k’. 


In the one case, leading to one of the two types of unessential singular- 
ities, it is the fact that P, does not vanish at k, kh’. It then follows that, 
no matter how z tends to the value k and 2 to the value k’, the quantity 
f(z, 2)| can, for sufficiently small values of |z—k| and |z'—k’|, be made 
larger than any assigned magnitude, however large: that is to say, this large 
magnitude is assigned at will, and the appropriate small values of |z—k 
and | z’— k’| are determined subsequently to the assignment. We therefore 
can take infinity as the limit for the assignment; and the place k, k’ then 
gives a definite and unique value to f(z, 2’), this value being infinite. 


This type of unessential singularity is one of the two kinds of un- 
essential singularity considered by Weierstrass. It is convenient to use 
for functions of two variables, the same name as is used, for functions of on 
variable, when the place gives a definite and unique infinity of the function. 
Accordingly we shall call this type of unessential singularity the polar type ; 
and a place k, k’, being an unessential singularity of the polar type for the 
uniform function, will be called a pole of the function f(z, 2’). 


In the other case, leading to the other of the two types of unessential 
singularities, it is the fact that P, does vanish at k, k’. The place k, k’ then 
does not give a definite and unique infinite value for the function f(z, 2’). 
Subsequent explanations may so far be anticipated here as to declare that 
particular modes of approach of z to k and of z’ to k’ can be selected, so as 
to make f(z, 2’) tend towards any assigned value near kh, k’ and acquire that 
assigned value at hk, k’; thus the function f(z, 2’) does not acquire a definite 
unique value at the place. 

This type of unessential singularity is the other of the two kinds 
of unessential singularity considered by Weierstrass. We have given a 
definite name to the other type of unessential singularity that can belong 
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to uniform functions of two variables; to the type just indicated, we shall 
give simply the general name wnessential singularity and, so far as concerns 
functions of two variables, there need be no confusion in taking this un- 
restricted name™*. 


Thus, for the function 
a+2 
Ba a! I 


the place z=1, z’=1 is a pole; the place z=0, z’=0 is an unessential singularity. 


For the function 


one oe e 
Z-2 
the place z=1, 7 = —1 is a zero ; the place 2=1, 2 =1 is a pole ; the place z=0, 7 =0 is an 
essential singularity. 
For a function 
P( Z) 
Q 4 2)’ 


where P(z, 2’) and Q(z, 2’) are polynomials in z and 2 having no common factor, all places 
satisfying the equation 


Q @, #)=0 
are poles unless they also satisfy the equation 
IE, FO 5 


and all places satisfying the two equations 
OGr20) = OM e7 a) 03 
are unessential singularities. 

As a summary conclusion, we see that there are four kinds of places 
for a uniform analytic function of two variables, viz. ordinary places, poles, 
unessential singularities, essential singularities. The first set of these 
constitute the region of continuity of the function; the remainder constitute 
the boundary of the region of continuity of the function. 


Extension of Laurent’s Theorem. 


59. As a last theorem for the present, we proceed to an extension of 
Laurent’s theorem on functions of a single variable; in order to make the 
establishment simpler, we shall restate Cauchy’s theorem concerning the 


* Corresponding considerations arise for functions of nm variables. Weierstrass arranges their 
unessential singularities in two kinds. One kind includes places that, as in the text, may be 
called poles ; at such a place, the function definitely and uniquely acquires an infinite value. 
The other kind includes all unessential singularities which are not poles. Now it is conceivable 
that an unessential singularity of this second kind for a uniform function of n variables might 


be ranged in one or other of n—1 classes, according as there are m, 01, 2, ..., o®-2 ways 
(where m is finite) in which 2, 2, ..., 2, could be made to approach the unessential singularity 
a, 42, ..., @, 80 as to make the function 

P; (21-41, 22 — 495 nO) Zn — Ay) 

Po (21-41, 22-49, ...) Z_— Gp) 


acquire an assigned value at the place. 


The question manifestly does not arise when there are only two independent variables ; hence 
the adoption of the names pole and unessential singularity in the text. 
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expansion of a function in a double series of positive powers. Consider a 
function f(z, 2’) within a region where it is continuous, uniform, and 
analytic. Within that region (assumed to include 0, 0) consider the domain 


defined by 
Pela p <i 12 Oats : 


Then we have the result 


Sse mea CS ae 
I@ 4) sya ae 


when the double integral is taken round circles in the domain such that 


AeNtie per, bee ep mr 
Moreover, taking 


g\mtrl 

a als huey a @ 
tem Nate Eiki 2 
t 
g\nrd 

a Pre Re 2 EN wo @) 
Pet en ity = ith GT oe ie 
i 


we obtain an expression for f(z, 2’) in the form 
SG Z)S Bi By Op qg PZ. 
p=0q=9 


The forms for the coefficients c,,, have already been given; the upper values 
of the limits of |c,,| for all positive integer values of p and q have already 
been given also, when the function f(z, 2’) has the assigned properties; the 
series can be continued to infinity for both sets of indices, and it converges 
absolutely within the z, 2’ domain*. 


Now consider a corresponding extension of Laurent’s theorem, which 
may be enunciated as follows :— 


Let f(z, 2’) denote a function, which is uniform, continuous, and analytic, 

within a region in the field of variation defined by relations 
Kee Ref a|Sron, iy Ska) 2 — a | >> 1. 

Denote by t and by s current variables (or points) on the circumferences of 
the outer circle of radius R, and the inner circle of radius r, m the z-plane ; 
and similarly for t and for s’ on the circumferences of the outer circle of 
radius R, and the inner circle of radius r,/ in the z'-plane. Then the function 
T(z, 2) can be expressed as a series of integral powers of z—a and z—a'; 
the indices of those powers can range from —x% to + for each of the 


* The analytical work, needed to establish the result, is so similar to the corresponding 
analysis for functions of a single variable (see my Theory of Functions, § 28) that it need not be 
set out in detail. 
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variables; and the double series converges absolutely for values of z and z 


given by | 
R2\z-al>r, R2>|2-—a|2r°. 


By the generalisation of the first part of Cauchy’s theorem, we have 


eas anne Ce ew y eae 
bi ome thhe aes 7p dsdt’ — erdlic as feo ) ~ dtds’ 
I (8, ia: 
+oapllee AWE pee 


Now, for our values of a, a’, z, 2’, t, he we have 


pati 1 Z-a "s (; = t—a a" 
i= a PG fa 2 ig 
{—a “Z—a 


=e pW +525 (FS): 
Hoe pain +( a OE ee ‘ 


and so the integral 
| lat Ltt, ee 5 ded 
aa (t-—z)¢— 


is expressible as a double series of terms 
XD Cp, qg(Z— a)? (2’ — a’)! 
for p=0, 1, dase 1, ..., n, where 


S(t t) hy, 
°n9 = Omi ee apn (yay Ue 


together with a single series of terms 
if ((fG t’) Z2—-avnmt we ey 
Sones ai t—z ik =) t’ oe 
for g=0,1, ..., »; and a single series Bo terms 
Ft, ae oe (= —_ a 
a i t— 2’ € —a t ener 
for p= 0, I.:, Mm, anda term 


Tan ose AG) eee aude 


To consider the coefficients in the double series, let M denote the 
greatest value of | f(z, 2')| within the whole region considered; then, as 
before, 


lc |<- M 
Pal S Ro Ria? 
though nothing can be declared as to a relation between cp and the 
avd f(z, 2’) 
dz? 024 
domain |z-—a|<17, |2 -a’|<1. 


derivative at a, a’, for our function is not defined within the 
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As regards the second series of terms, say S, we have 


\Sl< 2. ae Bee ae ge Imes 


R,-k Vie 
n MR, RY (R mt+1 7 R’\qr1 
<a = z) (=) ; 
q=0 h,-k \Ré Ry 


as R< R,, indefinite increase of m makes each term in the series on the 
right-hand side as small as we please; and R’< R,’: that is, by taking m 
indefinitely large, we can make S=0, 


Next, as regards the third series of terms, say S’, we have 


ed YOO Ry" Ry" nay 


Rae Re R, 
m M R N+1 R pti - 
: p= Ry — f’ (a) (x) ) aS i : 


as R’< R,’, indefinite increase of n makes each term in the series on the 
right-hand side as small as we please; and R< R,; that is, by taking n 
indefinitely large, we can make S’=0. 


Lastly, as regards the modulus of the single term, it is 
2 Re MR, RY art] (ey (ze) 
(Rh, a f) (h,’ aa Ry Ry Ry ; 
which, with the assumptions made concerning m and n, can be made less 


than any assigned quantity, however small; that is, we can make the term 
ZeYro. 


In these circumstances, the expression for the first of the four integrals 


becomes 
m0 


“ E bp, (2-4)? (2 — at 
p=0 q=0 


As |z—a|<R< R, |2-a |< PR’ < Ry, and as lonal€ Roe this double 
series converges absolutely when m and n increase indefinitely and inde- 
pendently of one another. Thus the first integral is expressible as an 
absolutely converging series of positive powers of z—a and 2 —d’. 


To obtain an Sage for the second integral, which is 


I (8; he 
: Oy Ie —z)(t— gradi 


we note that |z-a|>r>r,>|s—a)|, while s ete ng so we take 


Z—-a S—a s—a\" zg—a /s—a\et 
Bee ria ties (aap Roe (tee 


t—a Z-—a Z—a\” t—a (/g—a\" 
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We proceed as in the last case. It is possible to increase » without limit 
and n without limit; and we obtain, as the expression for the integral, 


SL Gun(z—a)y* (2 —-a’), 


p=0q=0 
where bia 
i Ss t 
— J > a rid : 
te oa (ayn a)edsdt 
Also 


| Cp, 4 |< Mr? Ry‘; 


and the double series converges absolutely for the retained range of values 
for z and 2’. 


Similarly, as the expression for the third of our double integrals, 


which is 
S(t, = 
- oan CED Re hae 
we obtain 
D 2B epq(z— a)? (ze —a’)y-Y, 
p=0q=0 
where 
es es F 
Cy.q= (Qa a fe 6 (s' —a’)t dtds’. 
Also 


| Cp,q |< MRP ry; 


and this double series converges absolutely for the retained range of values 
for z and 2’, 


Lastly, as the expression for the fourth of our double integrals, which is 


eal i (s— er Trae 


we obtain 
2 2D Cpq(2—- aye —a)-s, 
p=0q=0 
where 
1 , n— / \q—1 , 
n= Gane | [TO s')(s— a)? (s' — a’)? ds ds’. 
Also 


GQ » 
| Onsgd teers 
and this double series converges absolutely for the retained range of values 
for z and 2’. 


Gathering these results together, we see that, in the circumstances as 
stated in the extended Laurent’s theorem, the function f(z, 2’) is expressible 
in the form 


= io.2) 
fQEH== Vin Ca wee—axy 
—-coO —@ 


the summation being for all integer values of m and of n between o and 
— 0; also 
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|Cn,n|< MR,” R,, when m is positive and n is positive, 
NCE a Alay ica, the cee positive ......... negative, 
Tree tg oo aes ws sien ston ow negative ......... positive, 
Onno hs * Road ote ds negative ......... negative ; 


and the double series converges absolutely for values of z and 2’ given by 
Ry >R2|\z-al|2r>n, Ri >R2\2'-a |r >. 

It follows as an immediate corollary that when a function (2, 2') is 
uniform, continuous, and analytic for all the z, 2 region of variation repre- 
sented by the relations 

|¢-a|z>r>n, |2—-a'|>r >, 
ut 1s expressible as a double series of negative powers in the form 
GZ, 2) SS Can (Ga) (4 —a )™, 
00 


where Cn me ouig Veo 


M being the greatest value of | (z, 2’)| within the foregoing region; and the 
series converges absolutely for the specified range of values for z and z’. 


The result is at once derivable from the extension of Laurent’s theorem 
by making R, and R&R,’ increase without limit; and it can of course be 
established independently in the same manner as the general theorem. 


Ex. 1. The function 


, 2,—, can be expanded in a series 


il UN ane 
where P ( —, 2',=) is a polynomial in z, 
ee 
Dn wa 


> rm p/n 
= 2 Cmyn® 2 "5 


for finite values of |z| and | z’| such that 
lelar><e |zZ|br>e, 
where ¢ and ¢’ are positive non-zero quantities. 
Ex. 2. Shew that the coefficient of 22" (where m and x are positive) in the Laurent 


expansion of 


|&| and || being finite and independent of z and of 2’, is 
Im (E) In (n), 


where J,, and J, are Bessel’s functions of order m and ; and obtain the coefficient of 
zmz’® in the same expansion (i) when either m or 7 is negative, (ii) when both m and nm are 


negative. 


CHAPTER LV. 
UNIFORM FUNCTIONS IN RESTRICTED DOMAINS 


A theorem due to Weierstrass. 


60. AFTER these preliminary results relating to expansions of a uniform 
function, which converge absolutely and are valid over the appropriate 
domains, it is important to take account of the detailed behaviour of the 
function in the immediate vicinity of each of its several kinds of places. 


Accordingly, let a, a’ be an ordinary place for a uniform, continuous, 
analytic function f(z, 2’); the preceding investigations shew that f(z, z), 
regular in some domain of that place, can be represented within the domain 
by a double series of positive powers of z—a and 2’ —a’ which there con- 
verges absolutely. No generality, for our present purpose, is lost by assuming 
that a=0 and a’=0, for the assumption can be secured by taking z —a=4Z, 
z—a=Z’. Hence we write 


F(z, 2)=f(z, 7)—f (0, 0) = 22m, n22™, 


where the summation is for positive integer values of m and of n save only 
simultaneous zero values. Also, | (0, 0)| is finite and may be zero, 


The detailed behaviour of the function F'(z, z’) in the immediate vicinity 
of the place 0, 0 is governed by an important theorem, originally due to 
Weierstrass. After the analysis has been given, the principal results will be 
enunciated in a form that differs from Weierstrass’s, because the limitation 


to two variables renders greater detail possible* than when n is the number 
of variables. 


* The theorem is proved by Weierstrass for functions of n variables, Ges. Werke, t. ii 
pp. 1385—142. Another proof, due to Simart, is given by Picard, Traité d’ Analyse, t 
pp. 243—245. 

The theorem is discussed here for the special case when there are only two variables. For 
this case, a proof (which follows Weierstrass’s proof for the general case) is given in my Theory 
of Functions, § 297; it is modified in the proof given in the text, because the theorem is not 


regarded from the point of view of establishing the existence of implicit functions of a single 
variable, 


’ 
ai 
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Our function F(z, z’), which is regular in a domain round 0, 0, can be 
expressed in a form 
F (2, 2’) = $o(2) +2 $i (2) + 22$u(2) + vs 
Two cases arise according as F (z, 0) does not vanish, or does vanish, identically 
for all values of z within the domain. 


61. First, suppose that F(z,0) does not vanish for all values of z. 
Denoting F(z, 0) by F,(z), which is equal to $)(z), and introducing a new 
function F’ (z, 2’) defined by the equation 

F(Z, 2) FP, (2) —P (22)} 
we have a function F, (z, 2’) which, when z’=0, vanishes for all values of z. 
Now F(z) is independent of z’ and does not vanish for all values of z; hence 
we can choose places z, 2’ in the vicinity of 0, 0, which lie within the region 
of convergence of F'(z, 2’) and are such that 
| Po] > | Fi]. 
It is to be remembered that F, vanishes when z=0; and so there may be 
some lower limit for |z| below which this inequality is not satisfied. As | z| 
increases, a zero of /’, may be attained, and then the inequality would not be 
satisfied. Also as |z’| increases, the value of | F(z, 2’)| may increase ; and so 
there may be some upper limit for |z’| above which the inequality is not 
satisfied. Accordingly, we suppose that, for places satisfying the relations 
p<lel<p, |2i<p 
the inequality | #,|> |F,| holds. For all such places we have, on taking 
logarithmic derivatives of the equation 
F, 
F=F,(1- 7) . 
the relation 


Lok, acl ek, 04s - Ur 
Foz F,0z 0 (> r 7m) ; 
Now F,(z) is a regular function of z in a domain round z=0, and it vanishes 
when z=0; hence the lowest exponent in its expansion must be a positive 
integer greater than zero, say m. Thus 
Fy (z)=2"h(z), 

where h(z) is a regular function of z in the selected domain and has a 
constant term; consequently 

1 oF, m , ih (2) 

Pite7, = Z h(z) 


m 
=7+G(), 


where G (z) is a converging series of positive powers of z in the selected 
domain. Similarly 


io 2) 
rad. = >> gmt Gra (Ess 
w=0 


FA 
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where @,,,,(2’), the coefficients of the powers of z,are converging series of positive 
integral powers of 2’; and because F, (z, 2’) vanishes when z = 0 for all values 
of z, each of these coefficients G,,, (2) vanishes when 2 =0. Take each power 
of z, and collect all the terms which involve that power of z in the expansion 


then we have 


while each of the coefficients G, (2), being a linear combination of the 
coefficients G,,,(2’), vanishes when z’=0. Thus 


lor m ithe) i pea ld 
FT et OO —g1 2, Goes 


and the only term on the right-hand side, which involves the power 27, is 
the term”. 
Zz 


Now let &, ..., & denote the zeros of F(z, ¢’), regarded as a function of z, 
when we consider a range of values of z such that | z| <p, and when we assign 
to 2’ a parametric value ¢’ such that | "|< p,. Repeated zeros of F(z, £’) 
are given by repetition in the quantities ¢, so that s denotes the tale of zeros 
of F (z, ¢’) within the range. Then, as F(z, €’) is regular for all such values 
of z, the function 

1 aPGiete 
= - 2 
i dz p=12-G 
is finite for those values; it can therefore be expanded as a converging series 
of positive powers of z, say P(z), so that 


1dF@o)_ & 1 
BAG 27 2 08 eee G 
Choose values of 2, such that |z| is still less than p and is now greater than 
the greatest of the quantities | {|,...,|&|. The fractions on the right-hand 
side of the equation can, for such values of z, be expanded in descending 
powers of z; and the equation, after such expansions, becomes 
1 dF (2, ¢ 
1) 


iP (ah. 


DaP (+24 3 Ser, 
T=1 


where 

S,=O%+..4 6% 
As this result 1s valid for all values of £’ within the selected z’-range, ¢’ being 
independent of z, we have 


m @ (ze , 


gee Risy tS WS eet 
a T=1 
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identically for all values of z; and therefore, among other results, we have 
s=m, S,=TG_,(C), 


for all values of r. 


The first result shews that, for any given value of 2’ such that |z’ | < p,, 
the function F(z, 2) has m zeros in the range | z| < p, where the number m 
is the index of the lowest exponent in F(z, 0) when expressed as a regular 
series of positive powers of z. 


The second result then shews that, for all the positive values of 7, the 
quantity 


ce F syeke 4° ee 
is expressible as a regular function of ¢’ which vanishes when €’ is zero. 
Hence all integral symmetric functions of &, ..., Gm are regular functions of 


€’ which vanish with ¢’; and as ’ is a parametric value of z’, we may (within 
our range) substitute z’ for ¢. It therefore follows that, if 


g (4 Z)= (2 — &) «++ (2— En) 
SE et en ons 


the coefficients g,,..., Gm are regular functions of z’ within the selected range, 
each of them vanishing when 2 = 0. 


Further, from the same equation, we have 
P()=G(2)- = (n +1) 2"Gnis(2), 

where all the functions are regular. Thus, if 
eee i : G@\iee & 214, (2), 


where I (z, 2’) manifestly is a regular function of z and 2’, and vanishes when 
2=0 and z’=0, we have 
0 i 
P@)=2 (Ts, #. 
Thus 
Lar m  -S pa 
Vigne = Piz) +> at Zoe 
0 ; Lye 
=5, I 2) Nata, Darn 
and therefore 
HU gs Zi) eri 2). 
where U is independent of z. 


As U is the same for all values of z, and as F and g (z, 2’) and I'(z, 2’) are 
regular functions of z and z for the range considered, it follows that U (if 
variable) is a regular function of 2’. When 2 =0, let the first term in the 
expansion of the regular function F,, which is all of F(z, 2’) that then survives, 
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be Cz; then g(z, 2’) becomes 2”; and I'(z, z’) is then a regular function of 
z alone. Thus, when 2’ =0, we have U=(C; and JU, at the utmost, is a 
regular function of z’; hence 
U = C(1 + positive powers of z’) 

= Ce", 

where w is a regular function of 2 which vanishes when 2’ =0. Let 
Riz, 2)=u+T(, 2), 
where again F(z, z’) is a regular function of z and z’ which vanishes when 
z=0 and z’=0; and we then have 
EG, 2 = Cotes ye®*), 

with the defined significance of g (z, 2’), R(z, 2’), and C. 

The new expression is valid within the assigned range of z, 2 in the 
immediate vicinity of 0,0. But it must not be assumed—and usually it is 
not the case in fact—that the new expression is valid over the whole domain 
where f (z, 2’) is initially taken as regular. 

We thus have the result :— 


I. When a function f(z, 2’) ws regular in some domain of 0, 0, and is 
such that f(z, 0) —f (0, 0) does not vanish for all values of z in that domain, 


we have 
F(z, Z)=f(0, 0) + Cg (2, 2’) e2%*), 


i, (z, 2’) = 2% LE ne +... + 9m; 
the quantities gy, .--, Jm being functions of 2’, each of which is regular in the 
immediate vicumty of z’ =0 and vanishes when 2’ =0; where Cz” is the lowest 
power in the expansion of f (z,0)—f(0, 0) in positive powers of z; and where 
Riz, 2) ts a function of z and z’, which is regular in the immediate vicinity 
of 0, 0 and vanishes when z=0 and 2 =0. 


where 


62. One important corollary can be at once derived from the preceding 
result. 


Suppose that 0, 0 is a non-zero place for the function f(z, 2’), so that 

f(0, 0) is not zero; then we have 
70,0) "+ 7,900" 

Now &(z, z’) is a regular function of z and 2’, vanishing when z=0 and 
z' =0, so that |e”) | is finite throughout some definite domain round 0, 0, 
Also | C/f(0, 0)| is finite; and g (z, 2’), while polynomial in z and regular in 
z’ in the immediate vicinity of z’=0, vanishes at the place 0,0. It therefore 
is possible, owing to the regularity of g(z, 2’) and R(z, 2’), to choose a non- 
infinitesimal domain given by 


Izl<r, feler’, 
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such that, for all the included values of z and 2’, 


C | f Rz,z)|/2 7 
zo. 0 lo #)Ile eM <1, 
where JM is a real positive quantity. For all such values of z and 2’, we have 
C ioc 
east z, a eFZ,2’) = ek 2,2) 
MOOV 


where R (z, z') is a regular function of z and z’, given by the expansion 


c ; ; C? . } 
F(0,0)9 (2 z ) ehi2,z) — 3 (0, 07 (z, 2) eRe) heey 


that is, R (z, 2) is a regular function in a domain of z and 2 and vanishes 
when z=0 and 2’ =0. This domain does not include any place that is a zero 
of f(z, 2’), because at a zero-place z, 2’ of f(z, z’) we should have 

nee z’) ek Z,2) =— il, 


J (0, 9) 


and therefore 


| C NN Riles) Wiese 
F (0, 0) lg (4, 2) | le )|=1, 


a possibility which is excluded. Hence we must have 
Le 2’) be: ehlaz), 


f (0, 0) 
(2 2) =f (0, 0) ete), 


Our corollary can therefore be stated as follows :— 

When f(z, 2’) is regular within a finite domain round 0,0, and f (0, 0) does 
not vanish, then there is a domain round 0, 0O—usually more limited than the 
former domain within which f(z, 2) is regular—such that f(z, 2) can be 
expressed in the form 


and therefore 


Te, 2) = 7 (0, 0).en 7), 
where R(z, 2’) is a function of z and z’, which vanishes when z =0 and z' =0 
and ws regular within the second domain. 
In particular, this expression is valid in the immediate vicinity of 0, 0, on 
the supposition adopted. 


63. In precisely the same manner and with exactly similar analysis, we 
can establish the following result which therefore needs only to be stated :— 


II. When a function f(z, 2’) ts regular in some domain of 0, 0, and is 
such that f(0, 2’) —f(0, 0) does not vanish for all values of z in that domain, 
we have 

F(, 2) =f (0, 0) + Kh (2, 2’) 8%”), 
where 

h{z, 2y=o" + hy? + thy; 
the quantities hy, ..., hn being functions of z, each of which is regular in the 
immediate vicinity of z=0 and vanishes when z=0; where Kz” is the lowest 


F. 7 
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power in the expansion of f (0, 2’) —f(0, 0) in positive powers of z'; and where 
S (z, 2’) is a function of z and z, which is regular in the immediate vicinity of 
0, 0 and vanishes when z= 0 and z = 0. 

The postulated circumstances are not the same in these two theorems. 
If it should be the case that f(z, 0)—/(0, 0) does not vanish for all values of 
z within the range, and also the case that F (0, 2’) —f(0, 0) does not vanish 
for all values of 2 within the range, then both theorems hold. In that event, 
we have two different expressions for f(z, 2’) — (0,0) which must be equivalent 
to one another. This equivalence will be illustrated by an example, that will 
be given after we have discussed the alternative to the initial hypothesis. 


64. Secondly, suppose that the function #’(z, 0), where 
Pz, Z)=f(4, 2) — £0, 9), 
vanishes identically for all values of z. Now F'(z, z’) is a regular function of 
z and z’, within the range considered; as before, it can be expressed, by 
summation of the uniformly converging series which represents it, in the form 


F (2, 2) = $o(2) +2 bi (2) + 22ho (Zz) +...; 
which itself is a converging series within the range. (As already stated, 
$)(z) 1s the F(z) of the preceding investigation). If then F(z, 0) vanishes 
identically for all values of z, then ¢,(z) vanishes identically. It may 
happen that other coefficients ¢, (2), @. (2), ..., vanish identically; let ¢; (2) 
be the first that does not thus vanish, ¢ being a finite integer because F'(z, 2’) 
1s presumably not a constant zero. Consequently 


Fh gers en 
pe (2) +2 Pt4 (2) +... 


is a regular function of z and 2’; that is,in the suggested circumstance when 
the function F(z, 0) vanishes identically for all values of z, our function 
F(z, 2’) has some power of 2’ as a factor. Let this factor be 2’; then ¢ is a 
positive integer greater than zero, and it is assumed to be the largest positive 
integer which allows F(z, z) zt to be a regular function of z and z’ in the 
vicinity of the place 0, 0. 


and the series 


The first of the two preceding theorems does not hold as an expression 
for f(z, 2’). But if the function (0, z’) does not vanish identically for all 
values of 2’, the second of the preceding theorems does hold as an expression 
for f(z, 2). There are, however, limitations upon the forms of the quantities 
hy, hy—~ys.-2«; 10.particular, 

ae Oy hig a Ope eet ae 0: 
But the momentarily important result is that 
f(z, 2)—f(0, 0) = 26 (2, 2, 
where (@(z, 2’) is regular in the vicinity of 0, 0, and @(z, 0) does not vanish 
identically for all values of z. 
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Next, suppose that the function F'(0, z’) where (as before) 
E(é, 2) =f (2, 2) ~f (0, 0), 
vanishes identically for all values of z. Then an argument precisely similar 
to the preceding argument shews that the function F(z, 2’) has some power 
of z as a factor. Let this factor be z*; then s is a positive integer greater 


than zero, and it is assumed to be the largest positive integer which allows 
F(z, 2) z* to be a regular function of z and 2’ in the vicinity of 0, 0. 


The second of the two preceding theorems does not now hold as an 
expression for f(z, 2’). But if the function F(z, 0) does not vanish identically 
for all values of z, the first of the preceding theorems does hold as an 
expression for f(z, 2’). As before, there are limitations upon the forms of 
the quantities gm, Gm—1, »-.; In particular, 


In = 0, Gini 0, eee) Gms = 0. 
But the momentarily important result is that 
[GZ—-fO, 0) =2H (2, z), 

where H (z, 2’) is regular in the vicinity of 0, 0, and H (0, 2’) does not vanish 
identically for all values of 2’. 

Next, again taking 

PG, 2) =F, 2) — FO, 9), 

suppose that the function F(z, 0) vanishes identically for all values of z and 
that the function /’ (0, 2’) vanishes identically for all values of z. As in the 
preceding cases, F(z, 2’) has a factor which is now of the form zz, where s 
and ¢ are positive integers each greater than zero; and it is assumed that 
each of them, independently of one another, is the largest positive integer 
which allows F(z, 2’) z-*z’* to be a regular function of z and z’ in the vicinity 
of 0, 0. a> 

Neither of the two theorems already proved now holds as an expression 
for f(z, 2’). The momentarily important result is that 


S (4, Z) =O; 0) = 22 (z, z'), 
where I (z, 2’) is regular in the vicinity of 0, 0, while J (z, 0) does not vanish 
identically for all values of z and J (0, 2’) does not vanish identically for all 
values of z’. 


Thus in each of the cases contemplated, we have 


Te, 2) — 70,0) =22 Uz, 7), 
where s and ¢ are positive integers that are not simultaneous zeros, and 
U (z, 2’) is regular in the vicinity of 0, 0, while neither U(z, 0) nor U(0, z’) 
vanishes identically for all values of 2 or of 2’ respectively. The alternatives 
are as follows. 
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(a) When U (0, 0) is not zero, then, within the sufficiently small domain 
round 0, 0, we have 
UGrs y= U (0, 0)et ee, 
where 7'(z, 2’) is a regular function of z and 2’, vanishing at 0, 0. 


Then we have 
EE 2’) =f (0, 0) an Ozsz'teT ez), 


where the constant C is the non-zero value of U (0, 0). 


(8) When U(0, 0) is zero, the conditions attaching to U (z, z’) require 
that U (z, 0) does not vanish identically for all values of z and that U (0, 2) 
does not vanish identically for all values of 2’, 


As U(z, 0) does not vanish identically for all values of z and as U (z, 2’) 
is a regular function, the first of our two earlier theorems applies to U (z, 7); 
we have an expression of the form 


/ a 
U(@, 2 p= Ag (Zz ).e*2), 
where A is a constant ; g(z, 2’) is a polynomial in z having, as its coefficients, 


regular functions of z’ which vanish with 2’; and where R (z, z’) is a regular 
function of z and 2’ which vanishes when z=0 and z’=0. Then 


F(z, 2) =f (0, 0) + Azte’tg (z, 2’) eR %?), 
Also U (0, 2’) does not vanish identically for all values of 2’, and U(z, z’) 


is a regular function; hence the second of our two earlier theorems applies 
to U(z,z’). We have an expression of the form 


U (2, 2) = Bh (ze, 2 )e8%*), 
where B is a constant; h (z, z’) is a polynomial in 2’ having, as its coefticients, 


regular functions of 2 which vanish with z; and where S(z, z’) is a regular 
function of z and 2 which vanishes when z = 0 and z’=0. Then 


Fe, 2)=f (0, 0)+ Bztz’th (z, 2’) 7), 
Summarising these results, we have the theorem :— 


III. When a function f(z, 2’) is regular in some domain of 0, 0, and 
as such that either (1) f(z,0)—f(0, 0) vanishes identically for all values 
of z while f(0, 2) -—f(0, 0) does not vanish identically for all values of z’, 

(Qi) f(0, 2’)—f(0, 0) vanishes identically for all values of 2 while 
J (4,0) —f(0, 9) does not vanish rdentically for all values of z, or (ili) 
f (4,9) —f (0,0) vanishes identically for all values of z and f (0, 2’) —f(0, 0) 
vanishes identically for all values of 2’, then expressions for f(z, 2’) in - the 
immediate vicinity of the place 0, 0 are 


I (2, 4 :) =f (0, 0) + Azsz''g (2; z) eRe, 2) 
TGs 2) = f(0, 0) + Bziz'th (z, 2’) eS(2') 
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where s and t are positive integers such that s=0, t >0 for the first hypothesis ; 
s>0,t=0 for the second hypothesis ; and s>0,t> 0 for the third hypothesis. 
The quantities A and B are constants ; the functions R (z, 2’) and S (z, 2’) are 
Junctions of z and 2’, each of which is regular in the immediate vicinity of 0, 0 
and vanishes when z=9 and 2’ =0; the function g (z, 2’) is a polynonual in z 
of the form 

Oe Oi e0 me Aree at Ons 
where the coefficients g,, ..., Jm are functions of z which are regular in the 
ummediate vicinity of z’=0 and vanish with z' ;.and the function h (z, 2’) is a 
polynomial in z’ of the form 

Zh 4+ hg + i. thy, 
where the coefficients h,, ..., hn are functions of z which are regular in the 
immediate vicinity of z and vanish with z. There is a limiting case when both 
m and n are zero; the expression for f (z, 2’) in the immediate vicinity of 0,0 is 

F(z, 2) =f (0, 0) + Cata’te?@7), 

where C is a constant, while T(z, 2) is a function of z and 2' which is regular 
in the immediate vicinity of 0, 0 and vanishes when z =0 and z = 0*. 


Note. We saw before that, in certain circumstances, both Theorem I and 
Theorem II are valid, thus providing for the regular function f(z, 2’) two 
expressions, which are formally distinct from one another, and must be 
equivalent to one another. 

In Theorem III it follows that, in certain circumstances, the regular 
function f(z, 2’) can have two expressions, which are formally distinct from 
one another and must be equivalent to one another. 


In the former case, the two expressions for f(z, 2’) —f(0, 0) are 
Cota, 2 chen” Khiz 2 eke), 
where g(z, 2’) 1s polynomial in z with coefficients that are regular functions 
of 2’ vanishing with 2’, while h(z, 2’) is polynomial in z’ with coefficients that 
are regular functions of z vanishing with z. Thus 


/ 
g (Z, z ) EX K astez) —Riz,2') — LeV 


h(z,7) OC 
where J is a constant and V (z, z’) is a regular function of z and z’ which 
vanishes when z= 0 and z’=0; hence 


g (2, 2) = Le’ 7) h(z, 2’), 


h(a, 2) =peV g(z, 2) 
Similar relations hold in the latter case. 


* This theorem is quite distinct from Weierstrass’s second preliminary theorem (p. 141 of his 
memoir already quoted) for the case n=2; the latter will come hereafter (§ 65). 
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It follows that, for a regular function f(z, 2’), when it is not expressed as 
a power-series valid over a domain round 0, 0, but is expressed for con- 
sideration in the immediate vicinity of 0, 0, we usually can obtain two 
different expressions according as z or z’ is taken as the variable for simplifying 
the representation. Each of the expressions is unique in its form; the two 
expressions are equivalent to one another. 


Ex. Consider an ordinary place of a regular function f(z, 2), and let it be 0,0; and 
take the general power-series for f, in that domain, in the form 


f (2, 2) -f (0, 0) 
= (A492 +1 z) + (gg 2? + ayy 22 + A992) 


+ (gq 23 + ay 272! + yy22/? + 373) +... 


First, assume that neither ao nor a, vanishes. It is not. difficult to establish the 
following results* :— 


ST (& 2) —f (0, 0) = (ay92 + B01 2 + bo22/2-+ bogz’3 +...) eki0% + Koy 2! + hog 2? + yy 22’ + kiggz’ +... 


where 
bor = 4015 


il 
—a aioe 
boo = ae (2107 — 411 449 %o1 +429 M01”), 
1 
nee 1 ( ion 3 2 2 3 
eae 3.19" = 12440" M1 + Ag1 410 1” — 439 Mor?) 


1 e 
ao ee 
Be (924107 — 411 %40 401 + 499401”) (Dera Ay — 41 240), 


i as 
heyy = ——5 (An 19 — Ag %1) - —2 
11 21 C10 30 401 — 3 (411410 — G29 M0 
Ayo? Ayo? 01) 


1 

eo 2 

ae 3 (A240 — a1 A041 + 230 Mp1”) 
‘10 


i 


Aa 1 
ee eps aes 9 
ayo! (doz 0 411% 0 M1 = A) A041 ) ayot (ayy 219 — Ag 41)”, 


© 


BS) 


b 


which is the expression for f(z, 2’) under Theorem I. 


Similarly, as the expression for f(z, 2’) under Theorem II, we have 


SF (4 2) —f (9, 0) = (aor 2 + C102 +.C202 + 039 23+...) elt02 + lo 2! + loz + U1 22 + Inne? +... 
’ 


* The expressions suggest that the theory of invariantive forms can be applied to the 
expansions, in all the cases stated. 
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where 
C19 = 0) 


1 
(20 Cron? (oo A107 — 41 9 1 + 429 1”), 
peel 3 2 2 3 
eget (439 @q1® — Aq Aor” 219 + A12.401 410" — 03 440°) 


oF aot (402%10? — 441 249% + Agqq1”) (202410 — 11 a1) 


Lo= eee) (411 41 — G20); 
A} 


Ao2 
Loy as 


pas 1 2 2 
20 = oe (491 M1” — A241 A190 + M03 %0") 


Ay 


2 
~ aot (2 @10? — @1 219 01 + G29 %17) — 
1 


1 
aT (441 4p — 2410)”, 


oir 


1 


1 Ao9 
“y= — (A201 — G03 410) — ae (441 401 — 402410); 
Ao. a1 


And it is easy to verify that 


yy 2 + Ao 2 + bo22? + bo32° +... = ¢l!10 — Fro) 2 + (lor — Koi) 2’ +... 
Ayo 2 +1 2 +.) 27 + C9 +... 


Secondly, when a, vanishes but not ao, the first expression is effective for 


I Z) —f (0, 0), 


but the second is ineffective. When a) vanishes but not a,, the second expression is 
effective but the first is ineffective. 


Thirdly, when ayy and a, both vanish, neither of the expressions is effective. Then 
Ft (& 2) —F (0, 0) = a9 2? + ayy 22’ + Ag92? + gg 2? + gy 272! + yQ.22* + 9373 +... 5 
and we find 
f (4 #)—f (0, 0) 


= {an +z (ay2' + byo2?+ .) +2? (Gog t+ bo32 + oae)f e102 Fi Keg, 2’ + te 
where : 


1 
ws y. Y 
b= Be {42 gq” — Az] Ay1 49+ 239 (G11? — G2 420)}, 


1 ‘ 
bo3 = oa {G03 29” — hay A229 + Ag0%11 G02} 
20 


430 
kiy=— 


Any’ 


1 
Kooy = — (421 420 — @30 411), 
2 
29 
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We also find 
I z) —f (9, 0) 


= {A942 +2 (Ay Zt Cy P+...) +z (Aap + 6302+ «4)} elo? + lor2 ear 
where 


1 
1) el Goa? {da Ag” — 12.441 G02 + M3 (ay — Ap2429)}, 


1 
C39 = ait {0139 Hoo” — 12402 429 + M03 411 429}, 
102 


e 
. 
° 


it 
Lo= aD (4292 — %3 211), 
A2 


The first expression is effective when a does not vanish ; but it is ineffective when Go 
does vanish. The second expression is effective when a2 does not vanish; but it is 
ineffective when @p does vanish, 


When both ad and a vanish and when a; then does not vanish, another expression 
must be obtained. In that case, we have 


ST (% 2) —f (0, 0) = a1 22’ + 3923 + Ag 222 + Gy22 + Ag Z3 +...; 
and then we find that 
fla 2)—f(0, 0) 
= {ag 22 +2? (day 2’ + Doo2/?+...) +2 (Dur 2 +192? +...) +9323 + Bog 2/4 + ...} ghia? + Fa1™ + 3 


where 


ky = wi 2 2 
Olas A393 (31 A390” — G21 %40 %30 — M1 X30 M50 + G11 W490"), 


1 
© 22 2 
= Asy a, 
2 
keg 3 (230 %50 $40"), 
30 


1 
keg = ae (39? Ag — A139 40 50 +4 40°) 5 


1 2 
ky =hyokoy UR, {a1 — a3 hy — Ago ko — O21 (£29 = $ hyo?) Oy (30 — ky kyo +$415)}, 


bn =a, 
bo =A, — Aho, 
dy2=Ay2- Ayko, 
bos = Gos 


bon = a2 — Ay hyo — Aor ko — O11 (ht — Atoho1); 


There is a corresponding expression for f (z, 2’) —f(0, 0), in which z is made the dominating 
variable ; it has the form 


f (4 #7) -f(0, 0) 


, 
= {0932/3 +2? (6042+ Cog2? + 02.) $e (C412 +0122 +...) +09928 + 4g 24+ s..} e102 + lor2! +. 
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where 


1 
= 2 
Lio Gog! (13 403” — % 12404 G03 — 211 403% 05 + G11 M04”), 


log = — 5 (03 M05 — 3 2 
ox? ( 05 3 04 ) ’ 
y 1 2 3 
08 oe! (403° 406 — 403 04 405 +3 Moa"), 


1 
ly =Loloat+ aos {a4 — 23001 — Maly — M2 (lo2 — $11”) = ay, (Lo3 — Lolo + $lo1*)} 


Cy = 41, 
C30 = 430 y 
C91 = A, — Ay, 440, 
Cy2= Ay2 — 211/01, 


Co9 = Ugg — hoy lp, — Ay2lo1 — M1 (C11 — Ly0lo1), 


The first of these is effective when a3) does not vanish. The second is effective when a3 
does not vanish. 


The general form of expression for f(z, z’)—f (0, 0), when both f(0, 2)-—f(0, 0) and 
J (4 0)—f (0, 0) vanish identically, has been indicated. It then is possible to isolate a 
factor zz't, where i 
SF (% 2) -f (0, 0) =z" f(z, 2), 
such that both f(z, 0) and f(0, 2’) do not vanish identically; and expressions, similar to 
those which precede, can be obtained for f(z, 7’). 


65. When the function F(z, 0), =f(z,0)—/(0, 0), vanishes for all 
values of z, another method of proceeding was given by Weierstrass*. It 
was devised for functions of n variables (when n>2) and some method is 
needed for them other than the method for functions of two variables, because 
with n variables it is not generally possible to extract an aggregate factor 
such as zz from the function corresponding to f(z, 2’)—f(0, 0). Applied 
to functions of two variables, the Weierstrass method is as follows. 


In the double-series expansion of f(z, 2’)—f(0, 0), valid in a domain 
round 0, 0, let the terms be gathered together into groups, each group con- 
taining all the terms of the same order in z and z combined; and suppose 
that the group of lowest order is of order yu, so that we have 


ST (4, 2) —f(0, 0) = (2, 2 w+ (4, 2 usar toes 
Change the variables from z and z’ to wu and w’ by relations of the form 
z=autBu, 2=qut+du’, 


where a, B, y, 6 are constants such that ad — By is not zero, so that w and w’ 
are new independent variables. Then f(z, 2’)—f(0,0) becomes a regular 


* See p. 140 of his memoir already quoted. 
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function of wu and w’, say G(u, uw’), the lowest terms in which are of order p; 
and 

G (u, 0) =(@, ye ut + (a, Yui Ue +..., 
so that, choosing (4, y), to be different from zero, G(u, 0) does not vanish 
for all values of w. 


The first of the preceding theorems can therefore be applied to G(u, wu’); 

the result is of the form 
G(u, w/) = (4, yu {ut + ut gy (!) +o. gu’) ef 9, 

where (a, y), is the non-vanishing coefficient, g,, ..., g, are regular functions 
of u’ which vanish with w’, and I(u, wv’) is a regular function of w and w’ 
which vanishes when u=0 and u’=0; moreover, as the lowest terms in 
G (u, u’) are of dimensions p, the regular series for g,(w’) begins with a term 
Lit Or = 1 Sp. 


When retransformation to the original variables z and 2’ is effected, 
we have 


(4 #)—F (0, 0) 
= G(u, wu’) 
OVA Ae SEA atte a (2x7), 
where J(z, 2’) is a regular function of z and 2’ which vanishes when z=0 
and 2’=0; and by expanding e” % #) go as to have the complete series for 
the new expression, we have 
12, Zhu = (Z, cay, 


so that, as is to be expected, the first term in g (z, 2’), where 
f(z, 2) —f0, 0) =g9(z 2’) e7 ® *), 
is the aggregate (z, 2’), 1n the original double series for f(z, 2’) —/(0, 0). 


Note 1. It may be pointed out that the preceding method is effective, 
even if f(z,0)—/(0,0) does not vanish. Thus for a function it might 
happen that, in the regular function f(z, 0) — (0,0) when it does not vanish 
for all values of z identically, the term of lowest order is Az”, while, in 
T(z, #)—-f(0, 0), the terms of lowest order are of dimensions less than n. 
(As a matter of fact, each of these terms of lowest order will then contain 
some positive power of z’ as a factor). The application of the method will 
then lead to an expression of the preceding form. 


Note 2. In the method, the limitations upon a, 8, y,8 are merely ex- 


clusive; they are 
ad— By +0, (a, 7)u£0. 


Thus a certain amount of arbitrary element will appear in the result; by 


varying these constants a, 8, y, 6, different expressions will be obtained which 
are equivalent to one another. 
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fx. 1. Consider the function* 
fH +t (2+23)4+) (A+z4)+..., 
the unexpressed terms being of order higher than 4. We take 


Ui tl 
so that 
fav +uu' +3 (Qu? +3u?w' + 3uu" +u) 


+; (Qut+4uiu’ + 6u?u?+ 4uu3+u'4)+.... 
This must be equal to 


(w+ giutgs)e 


ayut byw + agu?t bouw’ + cgu’?+... 
? 
where 
N= hw +hou?+hkgue+..., 
Jo= lou? + Izu’ + lyw'tt+.... 


Expanding, and equating coefficients, we find 


d2=755 b,=0, co= ry; 
' ° ’ , 
and thus the expression for our function becomes g (w, w’) el (us w), where 


gu, W)=w+u(w+hu2—au8+...)+4u3+yutt..., 
and 


I(u, w)=tut+hu' + Ay (40? +5?) +... 
When we retransform to the variables z and z’ by the relations 
UW=2, W=2—2, 
the terms of the lowest order in g (wu, w’) become zz’, as is to be expected. 
But the completely retransformed new expression for f is less effective than the 


original expression ; and the discussion of f in the vicinity of 0, 0 is more effectively 
made in connection with the expression in terms of z and @: 


Ex. 2. Obtain an expression for the function in the preceding example, when the 
transformed variables are given by the relations 
Z=uUtaw, 2=ut+Bu, 


where the constants a and £ are unequal; and prove that, when retransformation takes 
place, the terms of the first order in J(u, wu’) become z+’. 


This last method of Weierstrass has been outlined, because of its 
importance when the number of variables is greater than two. When the 
number of variables is equal to two, the general case for which it was devised 
falls more simply under the comprehensive results of Theorem III. 


We may therefore summarise the results of the whole investigation 
briefly as follows. Whatever be the detailed form of any function f(z, 2’), 
regular in a domain round 0, 0, its general characteristic expression in the 
immediate vicinity of 0, 0 is 


f(z 2)-f, 0) = 22 P(z, Ze 7), 


* The expansions under Theorem I and Theorem II arise as special cases of the result given 
above, p. 104. 
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where J(z, 2’) is a function of z and 2 which is regular in the immediate 
vicinity of 0, 0 and vanishes when z=0 and z’=0. The quantities s and t 
are positive integers, which may be zero separately or together. When 
either of these integers is zero, or when both of them are zero, P(0, 0) can 
be different from zero for special functions; for all other functions, P (z, 2’) 
is polynomial in one of its variables, the coefficients of the powers of which 
are regular functions of the other variable within a limited domain, each such 
coefficient vanishing when that other variable vanishes. 


Level values of a regular function. 


66. One immediate deduction of substantial importance can be made 

from the expression for f(z, 2) which has just been obtained, viz. 
F(z, /)=f(z, 2)—f(0, 0)=22t A (z, #) eB ® a); 

as to the places where f(z, 2’) acquires the same value as at 0,0. When 
(0, 0) vanishes, we shall call the place a zero for f(z, 2’). When f(0, 0) 
does not vanish, we shall call the value f(0, 0) a level value for all the 
places z, 2’ such that f(z, 2’)=/(0, 0); all these places are theretore zeros 
oF W'(2, 2): 

As B(z, 2’) is a regular function of z, z’ within a limited domain of 0, 0, the 


quantity e? ®#) cannot vanish at any place in the domain. Consequently 
the zero-places of F(z, 2’) within the domain are given by three possible sets. 

When the positive integer s does not vanish, zero-places of F(z, 2’) arise 
when 

z=, 2 =any value within the domain. 

When the positive integer ¢ does not vanish, zero-places of F'(z, 2’) arise 

when 
z=any value within the domain, 2’ =0. 

When A (z, z’) is not merely the constant A (0, 0), all the places in the 

domain such that 
ake 0) 
are zero-places for F’(z, 2’). 

As regards the first set, we obtain an unlimited number of zero-places 
of F(z, 2’) within the domain of 0, 0; they constitute a continuous two- 
dimensional aggregate, the continuity being associated with the plane of 2 
alone. 

As regards the second set, we obtain also an unlimited number of zero- 
places of F(z, 2’) within the domain of 0, 0; they too constitute a continuous 
two-dimensional aggregate, the continuity now being associated with the 
plane of z alone. 

For the third set, there is no additional zero-place for F(z, 2’), if A (0, 0) 
is a non-vanishing constant: in that event, either s, or t¢, or both s and ¢, 
must be different from zero. When A(0, 0) does vanish, the function 
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A (2, 2’) either is polynomial in z and (usually) transcendental in 2’, or is 
polynomial in 2’ and (usually) transcendental in z; and these alternatives 
are not mutually exclusive. In the former case, for any assumed value of 2’ 
within the domain, there is a limited number (equal to the polynomial 
degree of A) of values of z, which vanish with z’ and usually are trans- 
cendental functions of z’; hence, taking a succession of continuous values of z’ 
in the domain, we have, with each value of z’, a limited number of associated 
values of z All these places taken together constitute a continuous two- 
dimensional aggregate; the continuity now is associated with both planes, 
each value of z having a definite value of z or a limited number of definite 
values of z associated with it, all within the assigned domain of 0, 0. 
Similarly, in the latter case, as regards A (z, 2’); the same result holds when 
the appropriate interchange of z and z’ is made in the statement; and the 
two-dimensional aggregate is unaltered. 

Ex. 1. Among the simplest examples that occur, are those when 4 (z, 2’) can be 


expressed in a form 
az+ P (z), 


where a is a constant and P (z’) is a regular function of z’ given by 

P (Z)=be +27 +..., 
b not being zero. Then A (z, 2’), with an appropriate change in B(z, z) which is the 
function in the exponential, can also be expressed in the form 

bz +R (z), 

where the regular function # (z) is given by 

R (z)=az+ COC? +..., 
with suitable values of the constants C,..... The zero-values are given by the two- 
dimensional aggregate 

-az=P(7/), —b/=R (z). 
The result is the generalisation of the known property whereby, in the vicinity of 
a real non-singular point €, 7 on an analytical curve f(x, y)=0, we have 
w-E=P(y-n), y-n=K(x-6&); 

the linear term in P(y—7n) combined with w— &, and the linear term in # (x—€&) combined 
with y—n, give the tangent to the curve at the real ordinary point &, n on the curve. 


Ex. 2. In both cases that arise out of the alternative forms of A, the actual determi- 
nation of the set of values of z in terms of # (or of the set of values of z in terms of z) can 
be made as in Puiseux’s theory of the algebraical equation f(w, z)=0, the governing terms 
being selected by the use of Newton’s parallelogram. For example, in the case of the 
zeros of the function 

F(& 2) —f (0, 0) = ayy 22’ + gg 23 + gy 272’ + Gy922 + A373 +... 
within a small domain round 0, 0, we find three values for z in terms of 2’, viz. 


aut Ps 1 ! \ 
4= ——] @ + -—>3 (hyo M1 — B21 439) 2 +... 
( 30 2a30" 


a $ s 1 7 y 
a ( = 2 a me Qa39? (440 @q1 — gy 39) 2 +... \ ; 


3 
3 (G12403 — 441 Ao) ZF +. 
ayy ay 
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and there are three corresponding values for z in terms of z, viz. 


ay \4 1 
g= - a) 2+ 5 (M4 M11 — M12.%3) 2+... 
M3 293 


A1\3 4, 1 
g=—( ——— |)" t+ aD (G41 — Ghy2%q3) 2+... 
03 2a3 
‘ 39 1 . 
Z= ——— P+, (91 G03 — M149) OF... 
Oy ay 


If a9 is zero, the first two series in the earlier pair are not valid ; if ap3 is zero, the first 
two series in the later pair are not valid. If all the coefficients a ) vanish so that 
f (z, 0)—f (0, 0) vanishes for all values of z, only the third expression in the earlier pair 
survives. If the first coefficient a, which does not vanish, is @ , there is a set of 
“1 expansions in a cycle corresponding to the above two which exist when a9 does 
not vanish. And so on, for the respective cases. 


Ex. 3. Quite generally, it may be stated that the detailed determination of the 
behaviour of /’(z, 2) in the vicinity of 0, 0, so as to obtain the nature of its zeros as 
well as the actual positions of its zero-places, has a close resemblance to the method 
of proceeding in the consideration of an equation f/(w, z)=0, which is algebraical both 
in w and in z, and in the determination of the associated Riemann surface*. 


67. All the results relating to the zeros of F(z, 2’) can apply, in 
descriptive range, to a determinate finite level value (say a) of a uniform 
function f(z, 2’) in a domain where it is regular. Let a, a’ be a place 
where f acquires the value a; so that 

 F(G-a) =a. 
For places a+ Z, a’ + Z’ near a, a’ within the domain of a, a’, we have 
S% Z)=flat 4,V+2Z’) 
=P (O. 0 Va 2 Cane ee 

that is, 

Ya v= 2S e,,00 a 
Thus the places within the domain of a, a’ where f acquires the level value a 
are given by the zeros of the double series which itself vanishes when Z=0, 


ZU: 


Hence the level places which give a determinate finite value a to a 
function f(z, 2’) form a continuous aggregate within the domain of any one 
such level place. 


Manifestly, as we are dealing with properties of a uniform function of f, 
which is regular within the domain of an ordinary place, the values of f must 
be finite (for poles do not occur within such a domain) and they must be 
determinate (for singularities, whether unessential or essential, do not occur 
within such a domain). The behaviour of a function in the vicinity of a pole 
and in the vicinity of an unessential singularity will be discussed separately. 


* For this subject, ‘see Chapter vir of my Theory of Functions for the discussion of the 
algebraical equation and Chapter xv for the construction of the associated Riemann surface, 
Reference should also be made to the early chapters of Baker’s Abelian Functions. 
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68. Not because of any immediate importance for a single function of 
two variables but mainly because of the need of estimating the multiplicity 
of a common zero-place or a common level-place of two functions of two 
variables, it is worth while assigning integers that shall represent the orders, 
in zand 7 respectively, of the zero of f(z, 2’)—f(a, a’) at the place (a, a’). 
By the preceding proposition, for a place z=a+u, 2’ =a'+w' in the im- 
mediate vicinity of a, a’, we have | 

f@,2)—(@ )=wvu' GC, x), 
where G is regular in the domain, and the integers s and ¢ can be chosen so 
that G(u, 0) does not vanish for all values of uw and G@(0, uv’) does not 
vanish for all values of uw’. The positive integers s and ¢ can be zero, either 
separately or together. 

As G(u, 0) does not vanish for all values of u, there exists a series 

Q (u, uw’) =u +u™ gy (Ww) +. + Om), 
where ¢,(w’), ..., Ym(w’) are regular functions of wu’ vanishing with w’, such 
that - 
G(u, w)= KQ(u, uv’) e@% “%) 
where X is a constant and Q(u, w’) is a regular function of u and w’ vanishing 
with wand w’. Thus for any small value of w’, there are m small values of u, 
making ( (u, u’) zero. 
As G(0, uw’) does not vanish for all values of w’, there exists a series 
Ru, w)y=u™+u™ vr, (u) +... +7n (wu), 
where 7; (u), ..., %m(u) are regular functions of w vanishing with w, such 
that 
G(u, wu’) = LR (u, w) ek iy) 
where L is a constant and R (wu, wv’) is a regular function of w and w’ vanishing 
with wand uw’. Thus for any small value of u, there are n small values of w’, 
making @ (u, wu’) zero. 

In both of these cases, G(u, wu’) vanishes when w=0, u’=0; and then 
neither of the integers m and n is zero. There remains a third case, when 
G (0, 0) is not zero; then 

G(u, uw’) = @Z(0, 0) eb % ¥), 
where J(u, wu’) is a regular function of wu and wu’ vanishing when u=0 and 


u’=0. Thus no small values of w and uw’ make G(u, wv’) vanish; and then 
both of the integers m and m are zero. 


With these explanations, we define the orders of the zero of the function 
I 2)-f(G #) 
at a, a’ as s+™m for the variable z and as t+ n for the variable 7. But it 
must be pointed out that the zero of the function at a, a’ is not an isolated 
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zero, for it is only a place in a continuous aggregate of zeros; still, a 
settlement of an order in each variable at a place a, a’ is convenient as a 
preliminary to the settlement of the multiple order (Chap. Vit) of such a place 
when it is a simultaneous and isolated zero of two functions considered 
together. 


Relative divisibility of two regular functions near a common zero. 


69. Before proceeding to obtain the expression of any uniform analytic 
function in the vicinity of a singularity, 1t is important to consider the 
behaviour of two uniform functions f(z, 2’) and g(z, 2’) simultaneously, both 
being regular within a common domain which will be taken round 0, 0. 


First, suppose that g (0, 0) is not zero; then we have seen that a uniform 
function S(z, 2’) exists, which vanishes when z=0 and z’=0 and is regular 
in a domain in the immediate vicinity of 0, 0, and is such that 


g (2, 2) =9 (0, 0) 8 *) 
for that domain. Also, we know that we can take 
F(a 2) =f (0, 0) + A(z, 2) ata'teh & #), 


where s and ¢ are non-negative integers, ¢(z, 2’) is polynomial in z and 
regular in 2’, and A(z, z’) is a uniform function of z and z’ which vanishes 
when z=0 and 2 =0 and is regular in a domain in the immediate vicinity 
of 0,0. Consequently 


a 1 Ake 
a De 700) 1 D+ AGE, a) atateR le #0 Ble2) 


_ FO, 0) -S (2,2) A 
(0, 0)° 9, 0)° 


(z, Z) gz'teh (z, 2’) - S (2, 2) : 


The right-hand side, whether /(0, 0) vanishes or not, can be expressed as 
a regular double series U (z, 2’); that is, 


I #) _ 
ER aE UF (z, 2"). 
When a uniform function f(z, 2’) is expressed as a double series P (2, 2’), and 
another uniform function g (z, 2’) is expressed also as a double series Q(z, .2.); 


and when a third uniform function U (z, 2’) exists such that 


P(, 2’) 
Q(z, Z) = U (2, é ); 


all the functions being regular in a domain round 0, 0, we say, following 
Weierstrass*, that the series P (z, z’) is divisible by the series Q(z, 2’). 


* Ges. Werke, t. ii, p, 142. 
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It therefore follows that, when g(0, 0) is not zero, the regular function 
J (% @) is divisible by the regular function g (z, 7), the regularity of both 
functions extending over a domain round 0, 0; and the result is true whether 
J (9, 0) is zero or is not zero. 


70. Next, suppose that g(0,0) 1s zero; then we know that we can 
take 
Ge, 2) = Bet z'te! (2 #) x (2, 2), 

where B is a constant; o and 7 are non-negative integers; T(z, 2’) is a 
function of z and 2, regular in the immediate vicinity of 0, 0 and vanishing 
when z=0 and 2 =0; and y(z, 2’) is a function which is a polynomial in z 
having functions of z’ for its coefficients, these coefficients being regular in the 
immediate vicinity of 2’=0 and vanishing when z’=0. The form of f(z, z’) 
is the same as before. It at once follows that, when /(0, 0) is not zero. we 
cannot express 

1,2) 

92, 2) 
in the form of a regular function; in that case, the function f(z, 2’) is not 
divisible by g (z, 2’). 


But when f (0, 0) is zero, as also is g (0, 0) under the present hypothesis, 
then we have 
fe, 2) _ Azz hz, 2’) ene! 
O22). Be ze Nee) ee 


E A aad (2, 2’) ok Cy WZ 2) 
Bez" y (2, 2) . 


Now R(z, 2’)—T(z, 2) is regular in the immediate vicinity of 0, 0 and 
vanishes when z=0 and z’=0; hence the exponential factor in the last 
expression admits the divisibility of f(z, 2’) by g (z, 2’). Also this divisibility 
is admitted, so far as powers of z are concerned, if s > o and, so far as powers 
of 2 are concerned, if t>7. There remains therefore the divisibility of 
$(z, 2’) by x(z, 2), where (for the present purpose) we shall assume that 
both ¢ (z, 2’) and x (z, 2’) are polynomials in z the coefficients in which are 
regular functions of z’ in the immediate vicinity of z’=0 and vanish when 
z’=0. Manifestly the degree of $(z, 2’) in z cannot be less than that of 
y (, 7), if divisibility is to be possible ; accordingly, we suppose that 

(Zz, 2) =e +2" gi t+... +. 9m, | 

x (2, 2) = 2 ath, +... + Ap, 
where m>n, and all the coefficients g,..., Gm, Mi, -.-,hy are regular 
functions of z’ in the immediate vicinity of z = 0 and vanish when z = 0. 

When ¢(z, 2) is divisible by y (z, 2’), the quotient is manifestly of the 


form 
gn-n ay gin—n-1 ky te nae aS | eee 
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where the coefficients k,,..., km—» are functions of 2’. Also 
Ohi h+h, 
I2= h. + hk, a ie, 


ee ee 


In = hy, Kan . 
From the first, it follows that the function &, is regular and vanishes when 
2’ =0; from the second, that the function &, is regular and vanishes when 
z’=0; and so on, in succession from the first m—n of these relations. 
Also all the relations are to be satisfied, by appropriate values of hk, ..., 
km—n, for all values of 2’ in the immediate vicinity of z =0. The conditions, 
necessary and sufficient to satisfy the last requirement, are that, when we form 
the n independent determinants each of m—n rows and columns from the array 


A—h, Go — he, 9s — hs, trey In — hn; Qnty s+) YJm-1, Ym ) 
1 ? h, ) hy sta: 0 ? 0 ? US 0 ) 0 
O~-3 i are ee Oise 4 es Oa a0) 

Os ee (FUE Thee) MN ere eee ar le Ges 
Ce gM Osea eee On cy a ee eee PEt MB | fe sack 


each of these n determinants must vanish identically for all such values of 2’. 


Thus there are n conditions. The form of the conditions should, however, 
be noted. As all the functions g and h are regular functions of 2’ in the 
immediate vicinity of z=0 and vanish when z’=0, each of the n deter- 
minants is also a regular function of 2’ in the immediate vicinity of 2’=0 
and vanishes when 2’=0. Each determinant is to vanish identically for 
all values of # in the range round z’ = 0; and therefore every coefficient, in 
the power-series which is the expression of the determinant, must vanish. 
Thus in practice, when the power-series are infinite, the number of relations 
among the constants would be infinite for each of the conditions; the 
arithmetic process could not be carried out in general*. But the n 
analytical conditions among the functions would still remain, in the form of 
determinants that are to vanish identically. 

Thus, in particular, the conditions, that the function 


os _  B+e gi tegatgs 
should be divisible by the function 
H+2hy+hz, 
are that the two independent determinants from the array 


| 


| 


* Tn particular cases, it might be feasible, e.g. when there are known scales of relation 
governing all the coefficients. 


g-, ga—he, 93 
i, hy , he 
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shall vanish identically. When the two conditions are satisfied, the quotient is 
93 
ae he 
The general argument shews that the function g3/h2 is to be regular and to vanish with 7; 
a limit upon the orders of the lowest powers of z in A, and gz is thereby imposed. 


Relative reducibility of functions. 


71. Further, it is important to discover whether, even in the case 
when a function $(z, 2’) is not actually divisible by a function x (z, 2’), 
both being of the foregoing type, each of them is actually divisible by a 
function W(z, 2’) also of the same type: that is to say, if w(z, 2’) exists, 
it is to be a polynomial in z the coefficients of which are regular functions 
of z in the immediate vicinity of z’ = 0 and vanish when z’ = 0. 


A method of determining the fact is as follows. Both ¢(z, 2’) and y (z, 2’) 
must vanish for all the places where w(z, 2’) vanishes, if wy exists. We 
therefore regard 


$(%, 7)=0, xz, 2’)=9, 
as two simultaneous algebraical equations in z. We eliminate z between 
these two equations, adopting Sylvester’s dialytic process. The resultant is 
a determinant of m+n rows and columns, every constituent in the deter- 
minant (other than the zero constituents) being divisible by 2’; and therefore 
this resultant is of the form 
Z# Q(z’), 

where yp is a positive integer not less than the smaller of the two integers 
m and n, and where ©(z’) is a regular function of z in the immediate 
vicinity of 2 =0, when it is not an evanescent function. 


When @(z’) does not become evanescent, the values of z’ different from 
z' =(0 which make the resultant vanish are given by the equation 


@ (2')=0; 


and these values of 2’ form a discrete and not a continuous succession. In 
that event, for each such value of 2 and for the specially associated values 
of z, both @ and y vanish. But their simultaneous zero values are limited 
to these isolated places; there is no function y(z, 2’) possessing a continuous 
aggregate of zero-places in the vicinity of 0, 0. 


When @(z’) is evanescent, the functions ¢(z, 2’) and y(z, 2’) become 
zero together, not merely at the place 0, 0, but at all the continuous 
aggregate of places where some function y(z, 2’), as yet unknown, vanishes ; 
for there is no equation ©@(z’)=0 limiting the values of z and requiring 
associated values of z. 


8—2 
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In the latter case, p(z, 2’) and x (z, 2’) possess a common factor y (232); 
which necessarily will be a polynomial in z of degree less than n; and the 
polynomial will have functions of z for its coefficients, all of which are 
regular in the immediate vicinity of 7 =0 and vanish when z’=0. Let 


(Zz, 7) = P+ Pk +... thy; 


as w is a factor of ¢ by hypothesis, and also a factor of y by hypothesis, 
our earlier analysis shews that (as already stated) h,..., k,» are regular 
functions of z’ in the immediate vicinity of z’=0 and vanish when z’ = 0. 


Accordingly, let 


p (2, 2’) — 7m—p m—p—1 
wz,z) sed Gace 4 ans 
x (2, 2’) — 2n—p n—p—- FT H. 
wr (2, z’) a Pe thew + n—p> 
where all the coefficients G,, ..., Gm—p, Hh, ..., Hn» are regular functions 


of z’ in the immediate vicinity of z = 0 and vanish when z’=0. Consequently 
the relation 


(e+ 2 Oy -+ ote) CP? Hee et ney) 
= (24 2h, +... thy) (22 +2? 4G, + on + Gn) 


must be satisfied identically for all values of z and 2 within the im- 
mediate vicinity of 0,0, the common value of the equal expressions being 
$(2,2)x (4, 2) + (z, 2). Equating the coefficients of the same powers of z 
in the expressions, we have m +n — p relations, linear in the (n —p)+(m—p) 
unknown functions H,, ..., Hyp, Gy, ..--, Gm—p. When these are eliminated 
determinantally, we have m+n—p—(n—p)—(m-—p), that is, we have p, 
equations in z which, being satisfied for all values of z, must become 
evanescent. The conditions for this evanescence, which are thence derived 
as existing between the coefficients of @ and y, are the conditions necessary 
and sufficient for the existence of > (z, 2’). 


When these conditions are satisfied, the actual expression of W(z, 2’) can 
be obtained by constructing the algebraical greatest common measure of 
(Zz, 2) and x (z, 2’), regarded as polynomials in 2. 

We thus have analytical tests determining whether two functions ¢ (z, z’) 
and y (z, 2’), each polynomial in z and having for the coefficients of powers 
of z regular functions of z’ which vanish when z’ = 0, are or are not divisible 
by a common factor of the same type as themselves. To these tests, the 
same remark applies as in § 70; each condition usually would, in practice with 
infinite power-series, require an infinite number of arithmetical relations 
among the constants. Still, the analytical tests remain in the form indicated. 


When the tests are satisfied, the two functions are said to be relatively 
reducible; each of them is said to be reducible by itself. 


id 
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Note 1. The processes connected with finding the conditions are those 
connected with constructing eliminants in algebra. Thus, in order that the 
functions 

A+ QhnF+ 92+ 9:2+9,, 2P+theth 
should have a common factor linear in z, all the coefficients of powers of 2’ 
in the final expansion of the determinant 
fi =a hy, 1 > 1 ’ 0 5) 0 | 
Go — he, Nn; h,, Ly; 0 
Gs » Yas lize Ryeck 
Ys ? Js, 0 ? ie h, 
0 ) Yay 0 ? 0 5) h 


must vanish identically. 


Note 2. In the preceding investigations, we are concerned with the 
possession by $(z, 2’) and y (z, 2’) of a common factor of the same type as 
themselves; that is to say, $(z, 2’), x(Z, 2’), and the common factor (if it 
exists) are polynomial in z. We are not concerned with the comparison of 
expressions 


b(z, 2’) and $(z, 2’)e@ 7), 


where R(z, 2’) is regular in the immediate vicinity of 0, 0 and vanishes when 
z=0and z =0; the latter expression, when expressed in a double series, is 
no longer polynomial in z. The case, when F(z, 2’) can be such as to make 
the second expression polynomial in 2 alone, has already been discussed 


(§ 63), 


Ex. When two functions 
(ao, ay, Ay Kz, ZP+ (bo, by, bs, bs Xz, 7) 4 seey 
(a’, ay’, ata! Ke, Zz)? ie (b0' by, by’, bs “Kz, zZ)8 qPe “9 


possess a common factor of the type 

z+ (2), 
where # (z’) is regular in the immediate vicinity of 7 and vanishes when 7=0, we can 
approximate to its expression as follows. (The algebra will illustrate the distinction 
between the finite number of analytical tests and the infinite number of arithmetical 
relations between the constants; the latter, of course, cannot be set out explicitly.) 


The first function is expressed (§ 64) in the form 
{aig 2?+2 (ay2' +a227+...)+a927+B373+...} gn EMS + sos 


where 


b 1 
Nae ae Viera (db; = 50), oss 


a 
ag =— (a bo — A, bo) = wn? (ad by — ay bo), 
0 


a 
B3=b3 — —, (a1 — a do), 
a 
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and so on; and the second function is expressed in the similar form 
fe pnd 
fat’ 22 +2 (ay'2/ +ag'd?2 +...) +92? + B32? +...} eat te +.. % 
where 
by’ 1 , a 
A=; A= Fy (Ao br Sat) | bo Ib very 
tes 


1 ay VES. 
ay! = — (Ay by! — atg'by') — 5 (aig'by’ — ay'by’), 
MW ai) 


ag 
Ay" 


/ 
2 (a'by' — ay'by’), 


and soon. We then must have the condition or conditions that 
U2 +2 (Az +ayz*4+...) +922 + 8327+... 
and 
a) +2 (ay'7 +aq'Z? +...) +0972 +8377 +... 
should possess a common factor of the type 
2+R(2), 


etyyd +yoe?+.... 


say 


Let these two expressions, which are quadratic in z, be denoted by 
Aye + 2b +&o, aye +2 +n2- 


They both will vanish, if they possess a common factor linear in z and if that factor 
vanishes. When they vanish, we have 


Aye +28,+&=0, ay +emt+n=0, 
simultaneously ; and therefore the relations 
ae z 1 
Erm — bm Ea — 2% mA— Ea 


will be satisfied for the value of z, in terms of 2, which makes the common factor vanish. 
Thus we must have 


(E192 — 2m1) (m1 40 — 1 Ao’) = (E20 — 2%)”, 


satisfied identically for all values of z; and the value of z, which would make the common 
factor vanish, is given by 
__ fm 
m4 — E19” 
Now 
Eine — Eom = 2 {(ay Ae! — ya) + (0 Bg’ — y'Bg + agg’ — ay'dy) 2 +...}, 

&2.dy — 209 = 2” {(iAy — Ay/Ay) + (A983 — Mo B3') 2 +...}, 

1% — Ey = 2! {Ay Ay’ — Ay to’ +(Apar! — Ap'ag) Z +...} 5 
and therefore, disregarding the factor 24, the expression 

{qq — Ay! Ay + (983 — M83’) 2 +...}? 
— {(Q aq! — Gy’) + (44 Bg’ — y'B3 + ay. Aq! — agg) 7 +...} {(Aq ay’ — ay ig’) + (Apa! — do ag) 2+. nee 


must vanish identically, for all values of z’. Let the expression be denoted by 


Cy+ Oya + eeey 
then we must have 
C = 0, Cy => 0, 


as the arithmetical relations between the constants. 
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Also the value of z, which makes the common factor vanish, is 
mee Endy — 2% 
SRG, Se LETS 
711% — E140 
1 Ay Ag — Ayo + ('B3 — A B3') 7 +... 
Ay Ay’ — 4 Ag + (Aiy.ag’ — Ap'ag) 7 +... 


Consequently, when all the relations between the constants are satisfied, the common 
factor is 


Z+yid +yo27+..., 
where 
mis Ap Ay — do Ae, 
tT age = age 
__ (Ag Gg = M'Aq) (Aoag! — Aq'ag) — (Aoy’ — & Ao’) (4083 — A083’) 
pa (toy — Ay y')” ; 
and so on. 


It is clear that, in the absence of general laws giving relations between the coefficients 
in each of the two functions, we cannot set out the aggregate of relations C=0 and the 
aggregate of constants y. 


Expressions of functions near a pole or an accidental singularity. 


72. The non-ordinary places of a uniform function have been sorted into 
three classes, the poles (or accidental singularities of the first kind), the 
unessential singularities (or accidental singularities of the second kind), 
and the essential singularities. 

The simplest of these, in their analytical character and in their effect 
upon the function, are the poles. Let p, p’ be a pole of a uniform function 
f(z, 2); then, after the definition, some series of positive powers of z—p, 
2 —p’ exists, say '(z—>p, 2 —p’), which is regular in the immediate vicinity 
of p, p’ and vanishes when z=p and 2’ =p’, and is such that the product 

TS 2) Pepe ap) 
is regular in the vicinity of p, p’ and does not vanish when z= p, 2’ =p’. 
Thus the function f(z, 2’) acquires a unique infinite value at a pole; 
that is, the infinite value is acquired no matter by what laws of variation 
the variables z and z’ tend towards, and ultimately reach, the place p, p’. 
Further, the pole-annulling factor ’(z —p, 2 — p’) is not unique; a factor 


: F(z 7, zg’ —p’) ek (Z —P, a aH)! 
where R(z—>p, 2’ —p’) is any regular function of z— and 2’ —p’, would have 
the same effect. All such factors we shall (for the present purpose) regard 


as equivalent to one another; they can be represented by f(z — p, 2 — p’). 
Moreover, there cannot be more than one such representative factor for 


f(z, #) at a pole; if there were two, say F(z—p, 2 — p’) and G(z—p, 2 —p’), 
we should have 
f(z #)F (2—p, 2 —p’)=regular function, not vanishing when z=p and z’=p’, 


he ON Ae OAD VB so vsinn Sy oa bie 2s So MRAM fo Bick CL Ne ROE : 
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and therefore p, p’ would be an ordinary non-zero place for the quotient 


which is impossible unless F is divisible by G, and it would be an ordinary 
non-zero place for the reciprocal of this function, which is impossible unless 


G is divisible by F’. 
Hence, denoting the representative factor by I’, we have 
fe, 2) F(z—p, 2 — p’) = hw + ke (2 — p) + hn (2 —p') +--+ 


the series on the right-hand side being a regular function in a domain of 
p, p'; and therefore 


talib F@—p;7 = ') 
F(Z, 2) keyg + ky (2 — p) + hey (2 — p') + «-- 


=a regular function (§ 69) of z and z’ in a domain of p, p’, 


/ 


vanishing when z=p, 2 =p’. 


It therefore follows that a pole of f(z, 2’) is a zero of 7~, so that the 


igs aes 
I (2, 2) 
aoe Hence, in the 


vicinity of a pole of f(z, 2’), it is convenient to consider the reciprocal 
function, say 


place p, p’ is an ordinary place for the function 


$6 2)= 56 7} 


and then the behaviour of f(z, 2’) in the vicinity of the pole p, p’ can be 
described by the behaviour of ¢(z, 2’) which is regular in the vicinity of 
its zero there. Moreover, any zero of f(z, 2’) in a domain of p, p’ is a 
pole of $(z, 2’); hence the domain of p, p’, within which ¢(z, 2’) is regular, 
does not extend so far as to include any zero of f(z, 2’). 


As $(z, 2’) is regular in this domain of p, p’, and as it vanishes at p, p’, 
it has an unlimited number of zero-values in the immediate vicinity of 
p, p, and these occur at places forming a continuous two-dimensional 
aggregate that includes p, p’. Hence in the immediate vicinity of any pole 
of a umform analytic function, there is an unlimited number of poles forming 
a continuous two-dimensional aggregate that includes the given pole. 


Further, we have definite integers as the orders of the zero of $(z, 2) 
in the two variables at p, p’, the integer being derived from the equivalent 
expressions of ¢ (z, 2’) in the immediate vicinity of p, p’; these integers will 


be taken as the orders of the pole of f(z, 2’) in the two variables at p, p’. 


Cor. Manifestly, a pole of f(z, 2’) of any order is a pole of f(z, 2’)—a 
of the same order, where | | is finite. 
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73, An unessential singularity (an accidental singularity of the second 
kind, to use Weierstrass’s fuller phrase) of a uniform function f(z, 2’) at a 
place s, s’ is defined by the property that there exists a power-series 
F(z—s,z2' —s’), which is a regular function of z and z’ in the immediate 
vicinity of s, s’ and vanishes at s, s’, and is such that the product 


f42)Fe-s, 7-8) 


is a regular function in the immediate vicinity of s, s’, and vanishes at 
s,s. Let this latter regular function be denoted by H(z-s, z’—s’). No 
generality is lost by assuming that the functions F and H have no common 
factor vanishing when z=s, 2 =s’. We then have a fractional expression 
for f, viz. 


, He-s, 7-5’) 
I(, aan res zg —s')’ 


As in the case of a pole of f(z, 2’) at p, p’, the function F(z—p, 27 —p’) 
was representative and unique, so here each of the functions H (z—s, 2’ — s’) 
and F' (z—s, 2’ —s’) is representative and unique, when H and F have no- 
common factor vanishing when z=s, 2’ =s’. The functions H and F can 
of course have any number of exponential factors, each exponent being a 
regular function of z—s, 2’—s’; but no factor of that type affects the 
characteristic variations of f in the immediate vicinity of that place. Thus, 


in our expression for f(z, 2’), we can regard the representative functions H 
and #’ as unique. 


To consider the behaviour of f at, and near, the accidental singularity, 
write 
2—s=0, #¢-s =a; 


then we have expressions of the form 
H(z-s,7—s8')=Ho™o™ fo! + ch (o') +... +h(o’)} eH (o, os 
F @-s,¢-s8)=Doo™ foF+a* 1 fi(o') +... + fa(o’)} ef (o: ip 


where # and D are constants: m, m’, n,n’ are positive integers, each zero 
in the simplest cases: 1 and & are positive integers, each greater than zero 
in the simplest cases; h,, ..., 4, fi, ---, fy are regular functions of o' in the 
immediate vicinity of o'=0 and vanish with o’; and H, F are regular 
functions of o and o in the immediate vicinity of ¢=0, o’ = 0 and vanish 
with o and o’, so that neither H nor # can acquire a zero value or an infinite 
value from the factors e4 and e”. Moreover, H and F are devoid of any 
common factor: so that either m or n (or both) must be zero, and m’ or n’ 
(or both) must be zero. Also 


oto h(o’)+..th(oc), c+ fi (o)+...4+fi(0) 
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have no common zero in the immediate vicinity (defined as a region round 
o’ of radius less than the modulus of the smallest root of the resultant of 
these two polynomials) of c=0, o’=0 save actually at 0, 0; for their 
eliminant is a function o’# ®(o’) which does not vanish for small values of o’ 
other than o’ =0. 


Manifestly, the value of f(z, 2’) at s, s’ is not definite; it can be made to 
acquire any value by assigning appropriate laws for the approach of z to s 
and of z’ to s’. In the immediate vicinity of s, s’, f(z, 2’) possesses 


(i) an unlimited number of zeros, given by zero-values, other than at 
0, 0, of o° + 0° h (oc) +... +h (o'); 


(ii) an unlimited number of poles, given by zero-values, other than at 0, 0, 
of oF + af. (o’) +... + fi(); 


(ii1) an unlimited number of places at which it assumes a level value of 
finite modulus ; 


but o=0 and o’=0 is the only place in the immediate vicinity of 0, 0, 
where the value of f(z, 2’) is not unique and definite. Hence we have the 
result :— 


The unessential singularities of a uniform function f(z, 2’) are isolated 
places in the domain of ewistence of f(z, 2’); the value of f at an unessential 
singularity is not definite; and, in the immediate vicinity of any unessentral 
singularity, there is an unlimited number of places where f can assume any 
assigned definite value, zero, finite, or infinite. 

( 


Further, let the unessential singularities (each of them being an isolated 
place) of a uniform analytic function be represented by a», @m, where 
m=1,2,..... They may be finite in number or infinite in number. When 
they are infinite in number, the places a,, a’, must have one or more limit- 
places; let such a limit-place be b, b’. As regards the function in a small 
domain round 8, b’, it cannot be represented by any of the different foregoing 
expressions, suitable to the respective vicinities of an ordinary place, a pole, 
and an isolated unessential singularity. The limit-place must therefore be 
an essential singularity of the function. 


Eapression near an essential singularity. 


74, The definition of an essential singularity of a uniform function, that 
has been adopted after Weierstrass, is mainly of an uninforming character— 
to the effect that, in the immediate vicinity of such a place, no power-series 
U(z, 2’) representing a regular function and vanishing at the place can be 
obtained such that the product 


SI, 2) U (@, 2’) 
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is a regular function of z and z’. But, as is known to be the fact with 
uniform functions of a single variable, essential singularities cannot effectively 
be sorted together in one class: there can be points, or lines, or spaces, of 
essential singularity for a uniform function of a single variable. The con- 
ception of added complications, when we deal with uniform analytic functions 
of more than one variable, needs no argument for postulation, though it 
gives no substantial assistance towards analytical formulation. 


It may however be added that one large question dealing with the 
essential singularities of a uniform analytical function has occupied a 
number of memoirs published in recent years. 


We have seen that the zeros of an analytical function of two variables 
constitute a two-dimensional aggregate, and likewise that its poles con- 
stitute a two-dimensional aggregate. We have also seen that its unessential 
singularities are isolated places, 


The question just mentioned relates to the aggregate constituted by 
the essential singularities of a uniform analytical function; for its dis- 
cussion, as well as for other matters, we shall refer to the memoirs indicated*. 


* The chief memoirs are those by Hartogs, viz. Math. Ann., t. lxii (1906), pp. 1—88 ; Miinch. 
Sitzungsb., t. xxxvi (1906), pp. 223—242; Jahresb. d. Deutscher Math. Vereinigung, t. xvi (1907), 
pp. 223—240; Acta Math., t. xxxii (1909), pp. 57—79; Math. Ann., t. lxx (1911), pp. 207—222. 

See also a memoir by E. E. Levi, Annali di Mat., Ser. iii, t. xvii (1910), pp. 61—87. 


CHAPTER V 


Two THEOREMS ON THE EXPRESSION OF A FUNCTION WITHOUT ESSENTIAL 
SINGULARITIES IN THE FINITE PART OF THE FIELD 


75. WE now come to the consideration of a couple of theorems relating 
to the expression of a uniform analytic function of two variables. In the 
first of them, we have to deal with a function that has no essential 
singularities within the whole range of the field of variation of z and 2’; the 
function then has the form of a rational function of the variables. In the 
second of them, we have to deal with a function that has no essential 
singularities within the range of the field of variation of z and 2 such 
that |z|<R, |2’| < R’, where R and R’ can be taken as large as we please; 
the function then has the form of the quotient of two functions, each of which 
is a regular function of z and z’ for the values of z considered *. 


76. First of all, consider a polynomial in z and 2’, say 
pe, 2) = 2" + G2 t+ ooo + on, 
where &, &, ..., & are themselves polynomials in 2’. Then we at once have 
the results :— 

(i) every finite place is ordinary for p (z, 2’); 

(11) with every finite value 2’, that is not a zero of &, can be associated 
n finite values of z, such that each of the n places thus constituted 
is a zero for p(z, 2’), repetition of values of z causing multiplicity 
of zero-places for p (z, 2’); 

(iii) with every finite value 2’, that is a zero of & and is such that 
f(r > 0) is the first coefficient of powers of z in p (z, 2’) which 
does not vanish, can be associated n—~r finite values of z, such 
that each of the n —r places thus constituted is a zero for p (z, 2’); 

(iv) the poles of p(z, 2’) are given by infinite values of |z| and finite 
values of z’ other than the roots of §, and by infinite values 
of | 2’| and finite values of z other than the roots of the coefficient 


* Both theorems were enunciated by Weierstrass for n variables, but without proof; references 
will be given later. 
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of the highest power of z’ in p (z, 2’) arranged in powers of z’, and 
by infinite values of | z| and of | 2’ |; 

(v) the unessential singularities of p (z, 2’), if any, are given by infinite 
values of |z| and by the roots of &, but each such place is an 
unessential singularity only if other conditions are satisfied; and 
similarly for infinite values of |z’| and by the finite values of z 
excepted in (iv), but each such place is an unessential singularity 
only if other conditions are satisfied: so that, in general, p (z, 2’) 
has no unessential singularities; and 


(vi) there are no essential singularities of p (z, 7). 


77. In the next place, consider an irreducible rational function of z 
and 2’, say 


Reena a) 
where p (z, 2’) and q (z, 2) are polynomials in z and 7, 
CREA Nees Fite Se ile ata oe in oS 
g (2, 2) = 2" + 9,277 +... + 9m: 


while &, ..., Sn», --»» Mm are polynomials in 2’ alone. Then it is easy to 
infer the following results :— 


(i) every finite place, that is not a zero of q(z, 2’), is ordinary for 


KR, 2)3 

(il) every zero of p(z, 2’), that is not a zero of q(z, 2’), is a zero of 
Bitz ys 

(iil) every zero of q(z, 2’), that is not a zero of p(z, 2), is a pole of 
Ties) 


(iv) every place, that is a simultaneous zero of p (z, 2’) and of q (z, z’) 
which have no common factor because our rational function is 
irreducible, is an unessential singularity of R (z, 2); 

(v) the behaviour of R (z, 2’) for infinite values of |z| or of |2’| or of 
both | z| and | z |, depends upon the degrees of p (z, 2’) and q(z, 2’) 
in z and in 2’, while every such place is either a zero, or ordinary, 
or a pole, or an'unessential singularity ; and 


(vi) the rational function R (z, 2’) has no essential singularities. 


Functions entirely devoid of essential singularities, 


78. Now we know that not a few of the important properties of uniform 
analytic functions of a single variable are deduced from those expressions of 
the function which arise when special regard is paid to its singularities ; and 
occasionally some classification of functions can be secured according to the 
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number and nature of these points*. In particular, we know that a uniform 
function, devoid of essential singularities throughout the whole field of 
variation of the variable z, is a rational function of z. Of this result, there is 
the generalisation, given by the theorem+ :— 

A uniform analytic function of two complex variables z and 2’, having no 
essential singularity in the whole field of their variation, vs a rational function 
of z and 2’. 

To establish this theorem, we proceed as follows. 

Let f(z, 2’) be a uniform function of z and 2’, entirely devoid of essential 
singularities; and let any ordinary place (say 0, 0) be chosen which is a 
non-zero place of the function. In the vicinity of 0, 0, let the expansion of 
FT, 2) be 

f@H=2% > Od ia Sale 
m=) n=0 
and suppose that this series converges absolutely within a domain |z| <7, 
z'|<r’. Manifestly, after the supposition as to f(0, 0), the quantity ¢, is 
not zero. 


Within the domain, we have 
fe 0) io a 
f(42)= 2 ( 2 Gan Z*) ge 
m=0 \n=0 


because the double series converges absolutely; so, writing 
we have 


Consequently, for all values 0, 1, ... of m, and for all values of 2’ within the 
domain, we have 


il (gm : is : 
Lie, = 1 Im (z ). 


m! oz” 


Now f (z, 2’) is everywhere a uniform analytic function without. essential 
singularities ; consequently every derivative of f(z, 2’), at every place in the 


* Of course, there are other classifications, such as those connected with the kinds of aggregate 
of the zeros of a uniform analytic function of a single variable, leading to the class (genre) 
question that has been the subject of many investigations in recent years, initiated by Laguerre, 
Poincaré, Hadamard, Borel, and others, 

+ It is the first of the two theorems which, as already stated, were enunciated by Weierstrass 
without proof. His enunciation, given for n variables instead of two only, is to be found Ges. 
Werke, t. ii, p. 129. 

A proof is given by Hurwitz, Crelle, t. xcy (1883), pp. 201—206, for n variables; and this 
proof is followed by Dautheville, Etude sur les séries entieres par rapport @ plusieurs variables 
imaginaires indépendantes (Thése, Paris, 1885). Hurwitz’s proof, modified for the case of two 
variables, and amplified, is substantially adopted in my text. 
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field, also is a uniform analytic function without essential singularities. At 
the places 0, 2 within the domain, the converging series denoted by gm(z’) 
represents a derivative of f(z, 2’); 1t is therefore an element of a function of 
a single variable z’, which is uniform, analytic, and devoid of essential 
singularities. But we know* that such a function of a single variable is a 
rational function of the variable; and therefore g,,(2’) is an element of a 
rational function of z’. Denoting this rational function by A», (z’), or by Am, 
for all values of m, we have 
Im (2) = Am (2), 

for all values of z’ within the domain; and so, within that domain, we have 

Te, 2) =4y $ Ae +Age +....; 
where now 4d), A,, Ay, ... are rational functions of z which have no pole 
anywhere within our domain. 

Moreover, when z =0, z' =0, the quantity c) is not zero, so that A,(Q) is 
different from zero. Hence we can choose a more restricted domain given 
by |z|<6 and |2’|< 06’, where 6 and 6 are not infinitesimal, such that the 
uniform analytic function f(z, 2’) is everywhere regular and different from 
Zero. 

Assign an arbitrary value a’ to z’ in this restricted domain, that is, such 
that |a’|<8’. Then f(z, a’) is a function of a single variable only; it is 
uniform; and it possesses no essential singularity; it is therefore a rational 
function of z, so that we may write. 

ee aonb te Die eae Dae 


Oe A tet Cot 

As a rational function of z has a limited number of zeros and of poles, the 
highest index of z in the numerator and the denominator combined is finite : 
that is, 7 is a finite integer. No generality is lost by assuming that B, and 
C, are not zero together. If By, were zero, then z=0 and #7 =a’ would be 
a zero of f (z, 2’), contrary to the supposition that f does not vanish within 
the selected domain; if C, were zero, then z=0 and 2’ =a would be a pole 
of f(z, 2’), contrary to the supposition that f is regular within the selected 
domain; hence neither 4, nor C, is zero. 


Let Ky, Ky, Ko, ... respectively denote the values of the rational functions 
Ay, Ay, As, ... when 2’=a’. Thena converging series for f(z, a’) is given by 


f@a)= hyp Kh2+ Ke +..., 
so that, from the two expressions of f(z, a’), we have 
(Ky + Kyz4+ Kee? +...) (Qt Qet...4+C,2")= B+ Bat... + Bz, 


holding for all values of z such that |z|<6. The two coefticients of each 
power of z on the two sides must be equal to one another; and therefore, as 


* See my Vheory of Functions, § 48. 
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z+” (for n>1) does not occur on the right-hand side, we have the coefficient 
of z"+” on the left-hand side equal to zero, Thus all the determinants 


ots 2 Vee. > Ley covers | 
must vanish. 


With each value of a’, some finite integer 7 must be associated because 
f(z, @) is rational in z But with at least one value (and, it may be, with 
more than one value) of 7, an infinite number of values of a must be 
associated ; for otherwise, if with each value of r only a finite number of 
values of a’ could be associated and as every admissible integer r is finite, 
there would in all be only a finite number of values of a’, contrary to the 
fact that a’ is any place in the domain | Z| < 0. 


Consequently, taking r to be the greatest integer for any value of a’ in 
the domain determined by 0’, all the preceding determinants vanish for the 
infinite number of values of a’ in the domain. Hence there must exist 
functions of 2 (to be denoted by F,, /, ..., F,), such that the equations 


EAs + ESAS + eee ao Pde => 0, 
F,A,+ Fy1»A;+ tee + Fy Arie = 0, 


were eee eee ee ry 


are satisfied for an infinite number of values of 2’; and not all the functions 
F can vanish. Moreover, the functions A are rational and, at most, only 
some of them (limited in number) are evanescent; hence, as the functions 
F,, F,, ..., F, can be taken as equal to determinants the constituents of which 


/ 


are rational functions of z’, they are themselves rational functions of 2’. 


Consider the function 
(Fy + 2h, +... +2 F,) f (2, 2) — (Go + 2G, + ...+2°G,), 
where 
Gi Agia Gi=Aw + Ach), Th Gua A let AL Fa eee + ALP 


and denote it by ®(z, 2’), which may or may not vanish identically. The 
quantities Go,...,@,, being lineo-linear in the rational functions A and F, are 
themselves rational functions of 2’; and not all the functions G can vanish. 
Then the function ® (z, 2) is a regular function of z and z within the 
domain |z|<6 and 2’|<6’, because all its components are regular within 
that domain. The foregoing analysis shews that, for all values of z in the 
range |z|<6, there is an infinite number of values of 2’ in the range | 2’|< 8’ 
for which © (z, 2’) vanishes. If ® (z, 2’) does not vanish identically, we take 
any special value of z within the range |z|<6, say z=c; then ® (c, 7) is 
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a regular function of 7 within the range | 2’ |< &’, and (after what precedes) 
there is an infinite number of values of 7 within that range where ® (¢, z’) 
vanishes. It is a known property* of regular functions of one variable 
that the number of its zeros, within any finite region where the function is 
regular, is necessarily finite ; and the preceding result, based immediately 
upon the hypothesis that ©® (z, 2) does not vanish identically, does not 
accord with this requirement. Accordingly, the hypothesis must be 
abandoned; the function ® (z, 2) vanishes identically; and therefore, for 
all values of z and z within the selected domain, we have 

(Fi+ 2h, +...4+2F,) f (4, 2)=G + 2G,+...+27G4,, 
where F,, F,,..., F,, Go, G, .--, G, are rational functions of 2’. 

The function F, and the function G, do not vanish under our initial 
hypothesis that the ordinary place 0, 0 is not a zero of f(z, 2’); some (but 
not all) of the other functions F,, ..., F., Gy, ..., G, may vanish. 

We thus have yi . 
ot 2Ga ck a. + 2G, 

ake Ne P,+2F,+...427F,° 
that is, f(z, 2’) 1s a rational function of z and z’. The proposition is thus 
established. 


79. One provisional remark will be made at this stage. Let f(z, 2’) be 
a uniform function which, within some limited region of its existence, has no 
essential singularities and, within that region, does possess zeros, and poles, 
and unessential singularities. 


Suppose that a uniform function exists, which has those zeros, those poles, 
and those unessential singularities, all in precisely the same fashion as f(z, 2’), 
and which possesses no others within the region; and suppose that this 
function has no essential singularity anywhere in the whole field of variation 
of z and z. The preceding proposition shews that it must be a rational 
function of z and z’. (Examples can easily be constructed, in the case of 
definite simple assignments of such places). We shall, for the moment, 
assume the possible existence of such a rational function; and then, denoting 
it by r (z, 2’), we write 


Hee yeaa 


Pitz eZ yi 


Within the region, the function g(z, 2’) has no zeros and it has no 
singularities of any kind; hence, within the domain of every place in that 
region, the two functions g, and g., where 

_ log _1dog 

aiaw mma ae 


fi 
can be expressed as absolutely converging power-series, which are elements 


* See my Theory of Functions, § 37. 
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of two regular functions. Moreover, as regards these two power-series for 9, 
and g., we obviously must have 

Og: _ Of 

az =z 
identically ; so we denote the common value of these two quantities by 

OP (2,2) 


ozo” =” 


where P (z, 2’) is itself a double series converging absolutely in the domain, 
and is an element of a single regular function, which may be denoted by 
Q(z, 2’). Then 

Log oP(z,2) “1 6g OP(aZ) 

CpG me WA A ae UNG et tra» a 


and therefore 
g= eP 2,2) | 

within the domain. Now g(z, 7) is regular throughout the region ; and, for 
each domain within the region, P (z, 2’) is the element of the regular function 
Q(z,2’). Consequently, on the assumption that the rational function r (2, 2’) 
exists, we have 

Y (2, a.) e@ 2,2’) 
as a representation of f(z, 2’) within the region, Q(z, 2’) denoting a function 
that is regular within the region. 

The definite existence of the function, denoted by r (z, 7), has not been 
established in general. The assumption that has been made raises the 
question as to whether rational functions exist, defined by the possession 
solely of assigned zeros, assigned poles, and assigned unessential singularities. 
Also, that question raises the further question as to what are the limitations 
(if any) upon the arbitrary assignment of zeros, poles, and unessential singu- 
larities, in order that it may lead to the existence of a rational function. 


These questions initiate a subject of separate enquiry which will not be 
pursued here. 


Functions having essential singularities only in the infinite part 
of the field. 
80. The other of the theorems already mentioned relates to the expression 
of a uniform analytic function, of which all the essential singularities arise 
for infinite values of one or other or both of the variables. It was adumbrated 


by Weierstrass*; the following proof is based upon a memoir by Cousin. 
We have to establish the theorem :— 


A uniform analytic function of two variables, all the essential singu- 
larities of which arise for infinite values of either of the variables or of 
* Ges. Werke, t. ii, p. 163. 


+ Acta Math., t. xix (1895), pp. 1—62; it applies to n variables. 
It may be added that a proof is given by Poincaré, Acta Math., t. ii (1883), pp. 97—113; 
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both of the variables, can be expressed as the quotient of two functions 
which are everywhere regular for finite values of the variables. 


For this purpose, Cousin uses the Cauchy method of contour integrals. 


81. Consider an integral, the variable of integration Z’ being taken in 
the plane of 2’, as given by 


D 
Fig. 1. M E Fig. 2. 


: Loft 2d Zs 
Tel gare 

where the integration extends along an arc AB from A as the lower limit to 
B as the upper limit. When we take a closed contour of which AB is a 
portion, AB is the positive direction of description in figure 1 and is the 
negative direction of description in figure 2. 


Now in figure 1, we have 


a(/)=1+5—] ar 


Qa AMB Fae 
for all points 2 within the contour AF BMA, and 


; 1 dZ’ 
e ¢ ‘ai reall Z- 7 
for all points 2 without the same contour. For all points within the contour, 
and for all points without the contour, @(z’) is a regular function of 2’. 
Consequently the line A#B is a section* for the function; the continuation 
@(D), taken from the inside point C to the outside point D across the section 
AB when the latter is described positively for the area, is — 1+ 6 (C). 


In the same way for figure 2, the continuation 6 (D), taken from the inside 
point C to the outside point D across the section AB when the latter is 
described negatively for the area, is 1+ 6(C). 


it is based upon the properties of potential functions. The following memoirs may also be 
consulted :— 
Poincaré, Acta Math., t. xxii (1899), pp. 89—178; 7b., t. xxvi (1902), pp. 43—98. 
Baker, Camb. Phil. Trans., vol. xviii (1899), p. 481; Proc. Lond. Math. Soc., 2nd Ser., vol. i 
(1903), pp. 14—36. 
Hartogs, Jahresb. d. deutschen Mathematikervereinigung, t. xvi (1907), pp. 223—240 ; and the 
memoir by Dautheville already (p. 126) quoted. 
* See my Theory of Functions, § 103; the notion is due to Hermite, who called such a line a 
coupure. 
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The general value, of course, 1S 


fmm! 
Te feed 


Z 


ih 
Ge \= oe log 


a 


where a’ and b’ are the variables of A and B. Clearly the quantity 
0 (2) — = log (b’.— 2’) 

is regular in the immediate vicinity of B, and the quantity 
0 (2’)+ = log (a’ — 2’) 

is regular in the immediate vicinity of A. 


Next, let g (z, 2) denote a function of z and 2’, which is regular for ranges 
of z and 2’ that have finite values; and consider an integral 


=| Gy 


2rija Za —z 


x (2, 2’) = 


taken precisely as for the preceding integral @(z’). Then x (z, 2’) is a regular 
function of z and 2’, except when ¢’ lies upon the line AHB; and AHBisa 
section for the function xy (z, 2’). Now let 


Gay a2 ee 


as g(z, 2’) is a regular function of z and 2’, it is easy to see* that G(z, z’, Z’) 
is a regular function of z, 2’, Z’. Hence 


B /\ pRB § 
x (2, “= 5 | G (2, Zz. VAS oie) adaZ 


2m) 4 Qt Jal —zZ 
=H (z,2)+0(“) gz, 2), 


where H(z, 2’) is a regular function of z and z’ for all the values of z and 2’ 
included, and @ (z’) is the preceding integral already considered. Consequently 
x (4, 2) is a regular function of z and 2 for all points z' that do not lie upon 
the section A#B; and the change in the analytical continuation of y (z, 2’) 


* If we take 
9 (2, 2’) =Go (2) +2'91 (2) + Z2Go (2) +..., 
then 
G (e 2, Z)=91 (2) +(Z! +2") go (2) +0, 
so that 


| G(z, 2’, Z’)| < | gr (2) | +27" | go (z) | +87? | ga (2) | + ..., 
for values of z’ and Z’ such that 
[fie secs ho a cea 
With the properties of a regular ‘function such as g(z, 2’), which have been established earlier, 
the series on the right-hand side converges absolutely ; hence G (2, 2’, Z’) is regular. 
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across the section AHB is —g(z, 2’) or + 9 (z, 2’) according as ALB, when 
crossed, 1s being described negatively or positively. Moreover, the function 


; 1 ; ee My 
K (2 @)—5 9 (4 #) log 6 —2Z) 


is regular in the immediate vicinity of b’, and the function 


/ 1 tf ' / 
x (Zz, a) +59 (4 2’) log (a — 2’) 
is regular in the immediate vicinity of a’. 


Next, take in order a finite number of lines A,B, A,B, ... in the plane of 
z, such that they have a common extremity B, 
do not meet except at B, and all lie within A; Ag 
the z, 2’ domain considered. Associated with 
each of the lines A,B, we take a regular A, 
function q,(z, 2’), occurring precisely as g (z, 2’) 
occurred in the preceding discussion of the 4 
function y (z, 2’) over its section; and write 
Ll dala. 2 


Eu eer 
Qar1 ‘A; ZL =7 ms, 


Xr (2, 2) = 


the integral being taken from A, to B. The character of y (z, 2’) is known 
from the earlier investigation. 


Let a new function ® (z, 2’) be defined by the equation 
D (ee): = > eZ, 2s 
r=1 


For all places not lying upon any one of the lines, the function © (z, 2’) is 
regular. In the immediate vicinity of the place B common to all the lines, 
the function 
D(z, 2) — 5 flog (02) S ge(es 2’) 
is regular; hence, if @(z, 2’) is regular in the immediate vicinity of B, it is 
necessary and sufficient that 
> or (2, 2) 


should vanish at B. Moreover, if 


> Jr (2, 2) = Zhai 
r=1 


at B, where & is a constant, then 
® (z, 2’) —k log (b’ — z’) 
is regular at B. 


82. We are to deal with a uniform analytic function f(z, 2’), which has 
no essential singularity in the finite part of the z, 2’ field. In this field, take 
any finite domain. Within the selected domain, f(z, 2’) deviates from regu- 
larity at or in the immediate vicinity of poles, and at or in the immediate 
vicinity of unessential singularities. At a pole and in its vicinity, there is 
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one definite type of representation of f (z, 2’) which is valid for some region 
round the pole. At an unessential singularity and in its vicinity, there is 
another definite type of representation of f(z, 2’) which likewise is valid for 
some region round the unessential singularity. At an ordinary place and 
within some limited region of the place, f(z, 2’) is regular; within that region, 
there is another definite type of representation of f(z, 2’) which likewise is 
valid for the limited region. 

When any two of these respective regions have any area in common, the 
respective representations of our uniform function f(z, 2’) are equivalent to 
one another over that area. Moreover, we have selected a finite domain in the 
z, 2 field; so that the total number of these regions in this domain is finite. 

Now let the whole selected domain in the z, 2 field be divided up in 
different fashion. Let the whole region in one of the two planes (say the 
zZ-plane) belonging to this domain in the field be divided into n regions, 
where n is finite. Each of these regions is to be bounded by a simple 
contour. With each of these n regions in the z’-plane, we combine the 
whole of the.z-plane that belongs to the selected domain; so that we now 
have nm domains within the single selected finite domain in the z, z’ field. At 
every place in each of these n domains, our function f (z, 2’) is defined. Let 
A(z, #) denote the whole representation of f(z, 2’) in one domain, f, (z, 7) the 
whole representation in another domain; and so on for the n domains, up to 
Jn (4, 2). With each region in the z’-plane, we associate the function fF, (z, 2’) 
giving the representation of f(z, 2’) for the domain which includes that 
particular z’-region. 

It may happen that two such regions have a common area, so that the 
respective functions belonging to the regions coexist over that area; we 
shall assume that, if deviations from regularity occur within the area, such 
deviations are the same for the two functions, say f(z, 2’) and f;(z, 2’), 


so that 
fale, 2’) file, 2’) 
is a regular function over the area. 

When two functions are such that their difference over an area is a regular 
function, they are said* to be equivalent over the area; if their difference is a 
regular function in the immediate vicinity of a point, they are said to be 
equivalent at the point. 

Denote the regions in the z’-plane by R,, R,, ..., Ry with which Fité, 2), 
Si (4, @), ++) fn(4, 2) are respectively associated. Further, denote by J, the 
boundary between A, and R,, such that when 2 passes from FR, to R, by 
crossing J,,, this line is described positively for the boundary of R,; and 
sinilarly for the boundary between any two contiguous regions. Lastly, 
there will be points where three or more boundary lines are concurrent. 


* Cousin, l. ¢., p. 10. 


83] REGIONS 135 


When a point P’ lies within the region R,, then f;,(z, 2’) is the function 
associated with P’. When a point Q’ lies on the boundary between two 
contiguous regions A, and A, then either of the functions f;,(z, 2’) and f;(z, 2’) 
is the function associated with Q’. When a point S’ is a point of concurrence 
of more than two boundary lines of regions R;, R;,, Rz, ..., then any one of 
the functions f; (z, 2’), fi, (2, 2), fi(Z, 2), ..., is the function associated with 8’. 

83. Consider the integral 

= 1 . Tale 4), — Se (2, Z’) dz’ 
Qa LZ -2z 
taken along the line Jj, between two contiguous regions, the order of the 
suffixes in Ij, being the same as their order in ym. Manifestly 


Lim = mk 
As the function f, (z, Z’) — fi, (2, Z') is regular everywhere along the path of 
integration, the integral is of the same character as the integral previously 
denoted by y,(z, 2’); the line Ug, is a section for the function Lyn. 

Now take all these integrals Jj, which arise for contiguous regions, and 
write 

Oz, 2) => Tens 
where the summation is for all pairs of suffixes that correspond to contiguous 
regions. The function ®(z, z’) has each line Jym as a section; at every 
place that does not lie upon a section, ® (z, 2’) is regular. 

Next, we take a set of functions ¢, (z, 2’), $2 (Z, 2’), ..-, dn (4, 2), associated 
with the respective regions R,, R,, ..., R,; and we define @, (z, 2’) as the 
value of ®(z, z’) within the region R,. <A point P’ in the z’-plane may lie 
within a region; it may lie upon the boundary of two contiguous regions ; 
and it may be a point of concurrence of several such boundaries. 

When the point P’ hes within the region R,, the function ¢, (z, 2’) as 
defined is regular, because the sections of ® (z, 2’) are only the boundaries of 
regions. 

When the point P’ lies on a boundary of the region R,, say on the line 
lyq so that R, is the contiguous region, and when P’ does not li at either 
extremity of Jpg, the analytical continuation of ¢, (z, 2’) through the point 
P’ remains regular. For, writing 

Inq (2, 2) = fa 2, 2) — So (4, #); 

so that Gpq (Z, 2’) 18 regular for all the values of z and z’ considered, the earlier 
investigation shews that, in crossing the section J,,, the change in the 
analytical continuation of [pg 18 — Jpq (2, 2’) when lp, as it is crossed, is being 
described positively. For this position of P’, every element in the sum of the 
functions Jym 18 regular except J,,; and therefore the change in the analytical 
continuation of P (z, 2’) is — Jpq(Z, 2’). But the new function ¢, (z, 2’) is the 
value of ® (z, 2’) in the region R,; hence 


hy (2; 2) = dp (4, 2) — pq (2, 2%); 
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and therefore 
ha (2 2 )+fa(% 2) = bn (4% 2) +o (4 7); 


where &, and R, are contiguous regions. 


When the point P’ is a point of concurrence of several boundaries, the 
regions may be taken as in the figure. Our 
function ®(z, 2’) can be rearranged in its sum- 
mation. We group together all the integrals [im 
which have no section passing through P’; and 
we call this group ®,(z, 2’). We group together 
all the remaining integrals, the section of each of 
which passes through P’; and we call this group 
®,(z, 2’). Thus 


®@ (2, 27) =®, (z, 2’) + ®, (z, 2’). 
The sum 9, (z, 2’) is regular at P’, because every element J in the sum 


is regular. 


As regards the sum ®,(z, 2’), our earlier investigation shews that the 
function 


®, (2, 2) - 5 flog (P’ — 2’)) 39 (e, #”) 


TU 


is regular at P’. But the functions g (z, 2’), for the various elements J in 
®,(z, 2’) taken as in the figure, are 

Se(% 2) —fa(Z 2), 

Sv 2) — fo (4 2’), 

Ss (2, 2) — fr 2), 

Fe (2, #) —fs (2, 7), 

Ja (2, 2) — fe (2, 2), 
that is, the quantity =q (z, 2’) is identically zero. Hence the sum ®, (z, 2’) is 
regular at P’. 


Consequently, the function ® (z, 2’) is regular at P’, in this third case ; 
and therefore all the functions ¢ (z, 2’), equivalent to one another at P’, are 
regular at that point. 


We thus have a set of functions ¢(z, 2’). Each of them is regular within 
its own region. Lach of them is regular at any point of concurrence of the 
boundaries of several regions. The change in the analytical continuation, 
from the function ¢, (2, 2) belonging to a region Ry, to the function dy (z, 2’) 
belonging to a contiguous region ,, is known; we have 


$a (% 2) — bp (4 2) =fo (2 2) —fo (2 2’). 


The last relation gives 


bp (2, 2) + fy % 2') = bq (2, 2’) + fo(Z, 2’) 
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as a relation holding between two contiguous regions R, and R,. Let R, be 
a region contiguous to &, and distinct from R,; then 


he (4, 2) + fq (4, 2) = hr (4, 2) + fr (4, Z’). 


And so on, for each region in succession, until the whole domain considered 
is covered. 


Accordingly, we define a new function F'(z, 2’), by the relation 


F(z, 2)=$r(4 2) + fr 2) 
for every region R,. But all these different expressions for F(z, 2’) are the 
same, because the relation 


$1 (2, 2) + fiz, 2) = bn (4, 2) + fin (4 2) 
holds for any two contiguous regions within the domain. This final function 
F (2, 2), at every place within the domain, is equivalent to the assigned 
function fm (z, 2’) belonging to the region which, within that domain, in- 
cludes the place ; and the expression for this function F(z, 2’) is 


F(Z, 2) =fm(Z, 2) + dm, 7), 
where ¢,, (2, 2’) is regular in the domain of the place. The expression for 
F(z, 2’) is valid over the domain considered; and the argument establishes 
the existence of the function F(z, 2’), possessing the property that it is 
equivalent to each of the functions f,,..., f, in their respective domains. 


84. The result can be extended. We can substitute a single function 
F(z, 2’) for the aggregate of functions f,, (z, 2’) within the aggregate of 
regions f,,..., Ry. When this aggregate of regions is denoted by S, 
we infer that a function F(z, 2’) exists which, within this aggregate 
region S, possesses all the characteristics of the functions fp, (z, 2’); it is 
subject to an additive function $(z, 2’) which is regular throughout the 
region S. 


Now take a number of these corporate regions S. It is not difficult to see 
that all the conditions for the individual functions f,, (z, 2’) can be transferred, 
in each such region S, to the function F(z, 2’) for these regions. The functions 
F(z, z) for the different regions S are then taken as the elements for the 
composition of a new function which may be denoted by Jf (z, 2’); and this 
new function ff (z, 2’) is equivalent, over the whole aggregate of these cor- 
porate regions, to the functions fn (z, 2’) which exist in any part of it. Thus 
we infer the existence of a function Jf (z, z’) which is such that, in the vicinity 
of any place in the finite part of the field of variation where a uniform analytic 
function f,, (2, 2’) is not regular, the quantity 


F (2, 2) Sin (% 2) 


is a regular function of the variables. But it must be remembered that only 
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a finite part of the field is considered and that the whole number of 
functions fi» (Zz, 2’) 1s finite. 


85. In the establishment of the preceding result, which is of the nature 
of a summation theorem, all the functions f,(z, 2’) were assumed to be 
uniform and analytic. There is a corresponding result, which is of greater 
importance for our investigation ; it is of the nature of a product theorem, 
and the associated functions are logarithms of regular functions. 


The z’-plane is divided into regions R,, ..., R, as before ; with each region 
R, we associate a regular function uv; (z, 2’), and we take 


Se (% 2) =log uz (2, 2’), 
so that the value of f,(z, 2’) is subject to additive integer multiples of 277, 
and otherwise is a regular function of z and 2 except at places which are 
zero-places of ug (Z, 2’). 


As regards the functions wu, (2, 2’), ..., Un(Z, 2’), we assume that, over any 
area common to two contiguous regions A, and R,, or, if no area is common, 
along the part of their boundary which is common to them, the function 


Uk (2, 2) 
Um (2, 2) 
is regular and different from zero. Consequently the function 
Ti (2, 2)— fin (2, 2) 


is regular for the same range of the variables, subject to a possible additive 
integer multiple of 27. 


We now proceed as before. We again form the integrals 
1 Sm (2, 2) — Se (z, Z’) 

Qari LZ —2' 

taken along the line Uj which is the boundary common to two contiguous 


regions; the order of the suffixes in J; is the same as their order in ly,, and 
clearly 


ig km = dZ a 


[, km = 4mk- 


The function fm (2, 2’) — fx (2, Z’) is regular along the line Um, and there is 
nothing to cause a change in the additive multiple of 27% when once this 
multiple has been assigned; thus the integral is of the same character as 


the integral previously denoted by x (z, 2’), and the line lym is a section for 
the integral Lpm. 


Again, as before, we take 
® (2, z’) = py fee 


where the summation is for all pairs of suffixes that correspond to contiguous 
regions. The function ® (z, z’) has each line Ujm as a section. 
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At any point P’ lying within a region, the function © (z, 2’) is regular. 


At any point P’, which lies on a boundary of the region R, (say on the 
line J,, so that R, is the contiguous region) and does not lie at either 
extremity of Jp,, the analytical continuation of ®(z, 2’) from R, to R, through 
Z 1s regular, the function in R, being 


Be, 2) — (fal “)— So #)}; 


where the additive multiple of 277 is the same as in the integral Jpg. 


When the point P’ is at b’, a point of concurrence of several boundaries 
which may be taken as before, it is again necessary to rearrange the sum- 
mation of @(z, z’). We group together all the integrals having no section 
passing through 0’, and call the sum of this group ®,(z, 2’). We then group 
together all the remaining integrals, the section of each of which passes 
through 0’; and we call the sum of this group ®, (z, 2’). Thus 


D(z, 2’) =, (z, 2’) + ®, (z, 2’). 


Each element J in the first sum ®, (z, 2) is regular at b’; and therefore 
®, (z, 2’) itself is regular at 0’. 


As regards ®,(z, 2’), our earlier investigation shews that the function 
1 A eel , 
®, (2, #) — 5 (log (b' — 2')} 2g, 2’) 


is regular at b’, the summation being over all the lines / which meet at b’. 
Now these functions g (z, 2’), for the various elements J in ®, (z, 2’) taken as 
in the former figure (§ 83), are 


fe % 2) — fa @); 
hy (% 2) — fa (% #); 
hs (4 2) -fy (4 2), 
Se (% 2) — fo (2 2); 
Sa (2, 2) — fe (2, 2’); 
respectively, subject—for each of the functions g (z, 2’)—to an additive integer 


multiple of 27. Accordingly, the quantity ~g (z, 2’) is some integer multiple 
of 277; let it be denoted by k.272. It follows that the function 


®, (2, 2’) —k log (b' — 2) 
is regular at the place b’. 
We have seen that ®, (2, 2’) is regular at b’; hence 
® (z, 2’) — klog (b’ — 2’) 


is regular at the place 0’. 
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At any point of concurrence of boundaries 6”, other than 0b’, the function 
log (b’— 2’) is regular, subject to an added multiple of 277. Consequently, 
the function 

® (z, 2’) —& {klog (’ — 2’)}, 
where the summation is taken over all the points of concurrence of the 
boundaries of regions, is regular for all places z’ in the range considered ; its 
expression being always subject to an additive integer multiple of 277. Let 
this function be denoted by y (z, 2’); then 
wW(z, 2) = (z, 7) —% {kh log (b’ — z’)}. 

Subject to the added multiple of 277, the function wy (z, 2’) is regular for the 
z'-region considered : and its sections are the lines lp,. 

Having constructed this function w (z, 2’), we now take functions y, (z, 2’), 
Wo(Z, 2), -.., Wn(Z, 2’), associating them with the regions Rf,, Ry, ..., Rn 
respectively, and defining them by the condition that the relation 

Yn (4 Z)=w % #) 
is satisfied within and on the boundary of R,,, for all the values of m. When 
we pass across the boundary of &,, into a contiguous region R,, we change 
to another function y, (z, 2’). But, as we have seen, the analytical change 
in  (z, 2’) in passing over a line Imp 1s 

ay Sp (2, 2’) — Sin (z, zZ yh, 
and so the analytical continuation of Yr» (z, 2’) is 
Vin (z, 2’) oa ihe (z, 2’) = Fon (2, z’)}. 
As this is the function yf, (z, 2’), we have 
Wp (2, 27) = Win (4, 2’) — {fo (4, 2) —fin (2, 2D}, 


there always being an additive multiple of 277 on the right-hand side. 
Hence, subject to this additive multiple, we have 


Yn (2, 2’) + fm (2 2) = Wp (2, 2) + fo (2, 2); 
for contiguous regions R,, and R,. 
Now pass from &, to another contiguous region Ry, distinct from R,»; 
then, again subject to an additive multiple of 277, we have 
Wy (2, 2) + fy (2, 2) = Wg (2, 2’) +o (2, 2’). 
And so on, for the full succession of contiguous regions, until the whole 


z-range is covered. It follows then that, for any two regions R,, and R,, we 
have the relation 


Pn (2, 2) + fm (2, 2’) = Wu (Z, 2) + fu (Z; 2’), 


always subject to an additive integer multiple of 277i; and each of the 
functions y is regular within its own region. 
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Accordingly, we define a new function G (z, z’) by the equation 
G (4, ey) == Vin (4, Z) + fin (eZ ays 
for every region R,,. But all these different expressions for G (z, 2’) are the 
same as one another (save for an additive multiple of 277 which may change 
- from region to region), because the relation 
Vm (z, Zz) + fim (Z, z’) a Wu (Z, 2’) Hx (Z, 2’) 
is satisfied for all values of m and w. ; 
Finally, take a new function U (z, z’) defined by the equation 
U (2,7) = ete), 
The added integer multiple of 277 in G(z, 2’) does not affect the character of 
U (2, 2’); and so we have 
Ui Gaz eo 
= evmi?; 2) +hm(é;2’) 
Ml (Z, Zz) elm, 2’) 
within the region R,,. We thus have established the result :— 
A function U (z, 2’) easts, regular throughout the whole finite region con- 
sidered, such that the quotient 
U@Z) 
Wan 2p) 
ws a regular function of z and 2’ within the region R,, and is different from 
Zer0, Um (2, 2’) being itself a regular function within that region ; and this holds 
for all the n values of m. 


Again it must be remembered that », the number of functions wu,» (z, 2), 
is finite. 


The general theorem. 


86. After these two propositions, which are general in character and the 
second of which is immediately useful for our purpose, we can proceed to the 
establishment of the general theorem, stated by Weierstrass, as to the 
expression of a function of two variables, of which the essential singularities 
occur only for infinite values of either or of both the variables. 

It has been proved that, in the immediate vicinity of a zero-place of a 
uniform analytic function f(z, 2’), we have 

F@ Ze Pe 
where P is a polynomial in z having, as coefficients of powers of z, regular 
functions of 2, or conversely as between z and z’, and where F is a regular 
function of z and 2’ which vanishes when z= 0 and 2 = 0. 


‘We have defined a pole of a uniform analytic function F (z, z’) as a place, 
where a function f(z, 2’) of the preceding form exists such that 


P(e, 27) FE; 2) 
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is a regular function of z and z’, which does not vanish at the supposed pole 
or in its immediate vicinity. 

We have defined an unessential singularity of a uniform analytic function 
F(z, 2) as a place, where two functions f(z, 2’) and g (z, 2’) of the preceding 
type, and irreducible relatively to one another, are such that 


is a regular function of z and 2 which does not vanish at the supposed 
singularity. 

Suppose, then, that a function P(z, 2’) is defined as being uniform and 
analytic over the whole field of variation: that it has poles and unessential 
singularities of defined type within that field: that 1t has no essential singu- 
larities except within the infinite parts of the field of variation of the two 
complex variables: and that, except for the poles, and for the unessential 
singularities, the function otherwise is regular for finite values of the variables 
z and 2’. 

For the expression of the function, we need take account only of functions 
f(@, #) which give rise to poles, and of functions f(z, 2’) and g (z, 2’) which 
give rise to unessential singularities. We range these functions in two 
classes. In one class, we include all the denominator functions f(z, 2’); in 
the other class, we include all the numerator functions g (z, 2’). 


Let f(z, 2) be typical of all the denominators, which occur in the 
expression of the function at a pole and its immediate vicinity; and let 
f(, 2) be typical of all the denominators, which occur in the expression of 
the function at an unessential singularity. We proceed to construct a 
function ( (z, 2’) such that, in the immediate vicinity of any of these places, 
the quotient 

Gee ee ene) 

QZ) f@#) 
is regular and different from zero; the function G (z, 2’) exists, and is regular, 
in the whole finite part of the field of variation. 


Again, let g (z, 2’) be typical of all the numerators which occur in the 
expression of the function at an unessential singularity. Analysis, precisely 
similar to that used for the establishment of the function G (z, 2), enables us 
to establish the existence of a function G (z, 2’) such that, in the immediate 
vicinity of any such place, the quotient 


G (2, 2’) 

9 (2, 2’) 
is regular and different from zero; the function G (2, 2’) exists, and is regular, 
in the whole finite part of the field of variation. 
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Accordingly, we consider the possibility of the existence of the functions 


G (z, 2’), F(z, 2’). 


87. Imagine a succession of regions in the field of variation, each region 
enclosing the one before it in the succession. We shall take, as the boundaries 
of the regions, concentric circles in the respective planes; and these may be 
denoted by (C,, Cy’), (C., Cy), ..., which may be unlimited in number, as we 
proceed to cover the whole field of variation. We also take the common 
centres of the circles at the respective origins. 


For the first region, there is only a limited number of functions fp (z, 2’), 
each of which is regular at, and in the immediate vicinity of, its place of 
definition. Hence, by §85, there is a function, say U,, which is regular 
throughout the region and is such that the quotient 


Im (2, 2’) 
is a regular function of z and z’ within the region and is different from zero ; 
and this holds for each of the functions f,, (z, 2’) defined within the region. 


For the second region, there are all the functions f,, (z, 2’), which are 
defined for places in the first region; and there are the additional functions, 
which lie in the belt between the two regions (including the boundary of the 
first region). Then, again by § 85, there is a function U, which is regular 
throughout the second region and is such that, (1) the quotient 2 IS a 

1 
regular function throughout the region and is different from zero, and 
(ii) the quotient 

esis? 

In (2, 2)’ 
where f, (z, 2’) is any one of the newly included additional functions, is a 
regular function of z and z’ within the region and is different from zero; and 
this holds for each of these functions /, (z, 2’). 


And so on, from each region to the region next in succession; we obtain 
a gradual succession of functions U,, Uj, ..., U,,...,. each regular in its 


region, and having the properties, (1) that ie is a regular function through- 


out the region (C,, C,’) and is different from zero, and (11) that, for each of 
the functions f,(z, 2’) defined for the region (C,4,, O’,4:) but not for the 
region (C,, C;’), the quotient 
Unis 
Ss (4, 2) 


is regular for the region (C,4,, C’,.,) and is different from zero. 
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88. Take a converging series of positive quantities 0, a, ..., 4, ++; 
associating them in order with the successive regions, so that «, is associated 
with the region (C,, C;’). Also, let 


“i =p 
then the regular functions U,, U,, ... can be chosen so as to give 
| Pr| < e", 
for each value of 7. 
Suppose that U,,..., Us have been chosen so as to satisfy this relation 


forr=1,...,s—1. The function U,,,/U, is regular throughout the region 
(C,, Cs) and is different from zero there; and therefore 

log Us4,—log U; 
is (save as to an additive integer multiple of 277) a regular function of 
z and z’ throughout the region. This regular function, save as to the 


additive multiple of 277, can be expressed as a double power-series in z and 
z converging absolutely within the region. Let this series be denoted by 


Seah One ee 
m=)0n=0 
let M be the (finite) greatest value of its modulus within the region ; and let 
Rand RF’ be the radii of the circles C;, C;. Choose values, us of m, and vx 
of n, sufficiently large to secure that 


M nie 
rec aan an 4 

M cae es 
Toes 


aa 


the third of the inequalities being satisfied when the first two are satisfied. 
Then, writing 


so that P, is a polynomial in z and 2’; and also 


loo} ive) [v2] a [> a] ive) 
@=( 2 2+ =F S- = = \emname 
mM=~,n=0 m=On=r~, m=p,t+1 n=r,4+1 4 ; 
so that 
| Qs |< $45 + $05 + fas < a5; 
we have 


log Us4,-— log U = P, + Q,, 
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save as to an additive integer multiple of 277. Consequently 


Jy : 
Us €-*8 = els 


a 
8 


where now the multiple of 27ri no longer affects the functions concerned. Let 
Coe = Usgii core. 
so that 
8 
The function U',,,, within the region (C,, C,’), possesses all the properties of 
Us, because e~?s within that region is a regular function of z and z which 
vanishes nowhere in the finite part of the field; thus U’,,,/U; is everywhere 
regular in that region and nowhere vanishes there, and the quotient 
Utes 
CRAY 
for each of the functions f; (z, 2’) defined for the region between (C541, O’s41) 
and (C;,, U,'), is everywhere regular for the region (C,,,, C’s,,) and vanishes 
nowhere in the region. Accordingly, we substitute U’,,, for U.4,; we write 


es = Ps, 
so that 
| pe |< es; 
and we now have 
O'g4a 
es OF 


with the condition | p, | < es satisfied. 
89. For any region ((,, C;,’), we define a function G, (z, 2’) by the form 
Gig (2, 2) = Ug a Patt: 
The function U,’ is regular everywhere within the region. The product 
I post 
t+1 
is regular there ; for its modulus 
= ID | post | 
t+1 
ee erat, 


which is a finite quantity because of the convergence of the series of positive 


quantities a,, a,...; and, within the region, no one of the quantities pg41, 
Pqt+2,-.- vanishes, while each of them is regular there. Thus within the 
region, the function 

G, (2, Z) 

Ja % #) 


is everywhere regular, and nowhere zero, within the region (Cy, C,’), for each 
of the functions /; (z, 7) defined within the region. 


F. 10 
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Next, take a function G4, (z, 2), defined for the region (Cy, C’q4p). 
We have 


Gasp (2, 2) = Warp om Paotp+t: 
Also 
Gy (4, 2)= Ug TL pore 


p rr) 
=U; fe Pott’ ne Pptqtt 


, , 

a) 9 On UO otp I 

= gq: U. ioe Gh eet call U’ Pp+qt+t 
q q+p—1 t=1 

= Goes (Z 2’). 


Thus all the functions G, are one and the same; let this function, the same 
for all the regions, be denoted by G (z, 2’). Then the function G (z, 2’) exists ; 
it is regular everywhere over the field of variation considered, that is, for all 
finite values of the variables z and z’; and it is such that at, and in the 
immediate vicinity of, any place where a typical function f (z, 2’) is defined, 
the quotient 

G (z, 2’) 

72) 


is regular and different from zero. 


We thus have established the existence of the function denoted by 
G (, 2) 

In precisely the same way, we can establish the existence of the function 
denoted by @ (z, 2’). 

90. Now take the quotient a 

j 2,2) 
Oe G (z, 2’) 
This function © (z, 2’) has unessential singularities at all the places where G 
and G vanish simultaneously, that is, at all the places where associated 
functions g (z, 2’) and f(z, 2’) vanish simultaneously ; in other words, ® (z, 2’) 
possesses, in exact and precise form: for each of them, all the unessential 
singularities possessed by the function P (z, 2’) of § 86. Again ©(z, 2’) has 
poles at all the places where G (z, 2’) is zero while G@ (z, 2’) is different from 
zero, that is, at all the places, where the functions f(z, 2’) vanish while the 
functions g (z, 2’) do not vanish: in other words, © (z, 2’) possesses, in exact 
and precise form, all the poles possessed by the function P (z, 2’). Neither 
© (z, 2’) nor, by hypothesis, P (z, 2’) has any essential singularity for finite 
values of z and z ; and at all places, other than isolated unessential singu- 
larities and other than the continuous aggregates of poles, both @(z, 2’) and 
P (z, 2’) are regular functions. Hence 
W al Far 26 
@ (z, 2’) 
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is a function that is regular everywhere in the domain constituted by all 
finite values of z and z’; denoting this regular function by R (z, 2’), we have 


P(4, 7)=@, 7) R(z, 7) 


e G (z, 7) R(z, 2’) 
i G (z, 2) : 


Now G (z, z)isa function that is regular for all finite values of z and 2’; 
consequently the product G (z, 2’) R (z, 2’) is a function that is regular for all 
finite values of z and z’. Denoting this product by H(z, 2’), we have 
)_H(2.2) 

iP (Z, z) — Gz, Z) 
as the final expression of our function; and, in this expression, the functions 
H(z, 2’) and G@ (z, z’) are regular for all finite values of z and 2’. We thus 
have the theorem :— 


When a uniform analytic function of two variables possesses only un- 
essential singularities for finite values of the variables, it can be expressed 
as the quotient of two functions, each of which is regular for all finite values 
of the variables ; and the quotient 1s vrreducible. 

The last statement in the theorem follows from the construction of the 
functions G(z, 2’) and G@(z, 2). A quotient g (z, 2’)+/f(z, 2’) is irreducible 
at an unessential singularity; there is no question of the reducibility of a 
function { f(z, 2’)}7 in the vicinity of any pole; and # (z, z’) is regular for all 
finite values of z and 2’. 

Note. In the particular case where the uniform analytic function has no 
essential singularity within the whole field of variation of z and 2’, both the 
functions H (z, 2’) and ((z, 2’) are devoid of essential singularities within 
that whole field; that is, they must be polynomials in z and z’. We thus 
again have the earlier theorem already (§ 78) established. 

For further developments from the results now proved, reference should 
be made to Cousin’s memoir. 


Appell’s Examples. 

91. Such is the general existence-theorem, obtained in the product- 
form. There is a corresponding theorem, inasum-form. Simpler expressions 
may be obtainable in particular cases, when the functions fy, (Z, 2’) or uz (2, 2’) 
are known. 

As an example of the sum-theorem, for a particular class of functions, 
Appell* proceeds as follows, in a generalisation of Weierstrass’s proof of 
Mittag-Lefiler’s theorem on functions of a single variablet. The set of 


* Acta Math., t. 1i (1883), pp. 71—80. 
+ For references, see my Theory of Functions, ch. vii. 


148 APPELL’S [ CH. 


uniform analytic functions f,(z,2’), fr(z, 2), -.. 18 supposed to have the 
property that for all integers n, greater than some definite integer N, we 
can assign a magnitude 7, such that f, (z, 2’) is holomorphic for all values 
of z and 2 given by |z|<?rn,|2|<7n, and such also that 7, increases 


indefinitely with n. 


Let &, €, ..., €n, --. be a converging series of positive quantities, and let 
e denote a positive quantity less than unity. Take first the sum of the 
functions f, (Zz, 2’), fa(Z, 2), -., fw (Z, 7); and write 


/ N , 
Ki (2,2) = 2 In 4 )- 
m=1 
Next, consider the functions f, (z, 2’) such that n>; as each of them is 
regular for values of z and 2 such that 


/ 


bz ern, || 2-lter,, 


we can express f, (2, 2’) in a form 
tn (GZ, 2) 2s Oy go ee 
p=0 g= 
where the double series converges absolutely. As in § 88, we can assign a 


positive integer pw», taking uw, to be the greater of the two integers p, and vs 
there assigned, such that 


Ms 


/ 
Cp,g" ZP2 a <TEn,; 


2 Semis eeas 


P=Khn G=90 p=0 Gd=Hn p=l+en G=14+Kn 


for all the values of z and 2’ considered. Hence, denoting by ¢y (2, 2’) the 


polynomial 

, gee n= } 

dn (4,2)= > & Gp,g' a & %, 
p=0 g=0 
and constructing a function 
ao 
/ ( yy / 7 
Fize= 3 (filaz)—dnle 2) 
n=N+1 


we have, on the right-hand side, a series which converges absolutely for the 
values of z and z considered. 


Now consider the sum 
Kee) = Fy. G2) els 8 
The function 
F (@, 2) — fin (4, 2’) 

is regular at all the singularities of f,(z, 2’); and so the function F’ (z, 2’) 1s 
regular at all places in the field of variation which are not singularities of 
any of the functions f, (z, 2’), f(z, 2), ...; and F(z, 2’), at places which are 
singularities of a function f(z, 2’), is non-regular in the same way as f (z, 2’). 
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92. Asa special instance of this sum-theorem, Appell adduces the case 


when 
1 


{\(2+my + (2 +n) +78? 


TSna\2,2)= 


where s is a positive integer, a is a constant, and the different functions 
Jinn (2, 2’) arise by assigning to m and to n, independently of one another, all 
integer values from — © to +. 
We have 
(etm) + (2 +n) +a] >| (e+ my + (2 +n) -l a)? 


Also 
(z+ myt+ (4 +npP= (2472 +m+in)(z—12' +m— im). 
But 
|z+%2’+m+in|>|m+in|—|z2+72'| 
> (m? + n?)* —|2| — | 2’ |, 
and 
|z—d2' + m—in|>(m? + n2)8 —|z|—|2’|. 
Hence, if 
l2l<¥ {(m? + n'y? —|a|—c}, 
2 |< ((m? + nh —|a|- o}, 
we have 


\(g+myP+(2'+ ny|>{la|+eP; 
and therefore 
\(e+ m+ (2 +n)? + a@|>{|a|+e?-|a|? 
> 2cla|+c?. 
Consequently, for all values of z and 2 within a range that increases in- 
definitely with m and n, as given by the foregoing limits, | finn (z, 2’)| remains 
smaller than an assigned quantity; and so for those values, finn (2, 2’) is a 
regular function. Thus the set of conditions for the function fin» (2, 2’) is 
satisfied. 
When the integer s is greater than unity, the series 
M=O N= 0 1 


ah” oe {(Z +m)? + (z+n)?+ a7} 


converges absolutely. We therefore take 
mM=n N= 1 
Be ips = (2+ m)? + (2' +n)? + a?}s" 
The function F(z, 2’) has poles at all the places 


z=—mt+iacos0, z=—n+ iasin8, 
for the continuous succession of values of @ and for all values of m and of n. 
Elsewhere, at all places in the field of variation, the function F(z, z’) is 
regular. In this case, there is no need to take polynomials corresponding to 
the functions ¢,,(z, 2’) in the general investigation. 
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When the integer s is equal to unity, the expression of the function is not 
so simple, because the series, of which the general term is 


1 
(2+ my + (2 +nyP +a?’ 


does not converge absolutely. We then take all the values of m and n, which 
are finite in number and are such that 


(m2? + n2)2<\al+e; 
selecting all the functions fim (Zz, 2) given by these values of m and n, we 
denote their sum by F(z, 2’). 

Next, take the values of m and n which are such that 

(m+n)? >l|al+e, 
and expand finn (2, 2’), for any such pair of values, in powers of z and 2’, valid 
in a range 

|2l<$ {(mtt mjt—|al—c}, |2'1<h {(m? + n°) — | a|— oh. 
Thus 
For our purpose, it is sufficient to take the desired polynomial yn» (Zz, 2’) as 
equal merely to the constant term in the expansion ; for the series 
1 1 ) 


Es (aa) 2 rc +myP+(2+n)+a2 m+ne+ a{ 


> 


for all such values of z and 2’, and for the doubly infinite set of values of m 
and n, converges absolutely. Our required function is 


F(2,2)=F, (2,2) +4, 2). 
_It has poles at all the places 
z=—m+itacos@, 2=—n+iasin 8, 


for the continuous succession of values of @, and for all integer values of m 
and n. At all other places in the finite part of the field of variation, the 
function F(z, 2’) is regular. 


93. As an example of the product-theorem, let wu, (z, 2’), u(z, 2’), ... 
denote a set of regular functions of z and z’, and let them have the property 
that for all integers n, greater than some definite integer V, we can assign a 
magnitude 7, so that wu, (Zz, 2’) is distinct from zero for values of z and 2’ 
such that |2|< 7p, | 2’|<7» and such also that rp increases indefinitely with n. 
Then denoting by hy, k,,... a succession of positive integers, we can form 
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a regular function G(z, 2’), vanishing for all the values of z and 2 which 
make gm (Z, 2) vanish, and vanishing in such a way as to make the quotient 


Gaz ) 
{9m (2, 2°) }*m 
finite and different from zero for those values. 
This function G (z, 2’) is of the form 
Ga lZez aes 


where 


N 
GZ. 2 \== 1 OZ 2)" 
ma=1 


G (z, Zz) = [I 1 On v, 2) en evni2,2) 
N+1 
while Wy, (z, 2’) is an appropriate polynomial in z and 2’. 


Ea. 1. Shew that, when 
mn (2, 2) =(2-+m)?+ (2 +n)?-+ a2, 


where m and 2 vary independently of one another through all integer values from —o. to 
+a, a function G(z, 7), regular everywhere in the finite part of the field and vanishing 
like Jinn (z, 2), can be constructed as follows. Take all the values of m and 2, finite in 


number, such that 
(m2+n2)2<|a|-+6, 
where @ is any assumed finite quantity ; and write 
Gy (2, 2) = {(2+-m)?+(¢+n)?+ a7}, 
where the product extends over all these values of m and x. 
Take all the values of m and n, doubly infinite in number, such that 


(m2 + n2)2 >\|a|+e, 
and write 


Gs (2, 7 == TILE (eres tnP+@ el ibe (z, a, 


m? +n? +a? 
where the product extends over all these values of m and n, and where 


Won (2 farmer and rete? | Qmz+ Qnz' + 2242/22 
tan X08 Tmt +n? 4 a? 2 m* + n* +a 


The required function is given by 
G (Zz Z)=Gy (4 7) Ge (4 2’). 


Ex. 2. Verify that, when a is zero, the function G (z, 2’) can be expressed by means of 
two Weierstrass’s o-functions. 


CHAPTER VI 


INTEGRALS; IN PARTICULAR, DOUBLE INTEGRALS 


As regards the matter of this chapter and, above all, as regards integrals of algebraic 
functions of two variables, the student should pay special attention to various sections in 
the treatise (which usually is quoted here in Picard’s name) Picard et Simart, Théorie des 
fonctions algébriques de deux variables indépendantes, t. i (1897), t. ii (1906). Other 
references will be found in the course of this chapter. 


It may be noted initially, as regards algebraic functions of two variables, that I have 
chosen, for reasons already stated, to take two fundamental equations defining two 
independent algebraic functions of the variables, instead of only a single equation 
defining only a single algebraic function. If three (or more) equations were taken 
defining the same number of algebraic functions, these would not be independent; so 
it is sufficient to take not more than two fundamental equations. 


94. In the theory of functions of a single variable, many important 
results are derived through the use of Cauchy’s theorems concerning contour 
integrals. It is natural to attempt some extension of theorems so as similarly 
to derive results in the theory of functions of more than one variable. 


Here we shall restrict the discussion to the case of a couple of complex 
variables. 


The integral of a function of two independent complex variables may be 
single or may be double. The definition of a single integral is the same as 
in the customary theory of functions of one complex variable; but there is 
the added complication through the occurrence of two complex variables. 
Hither there is variation, within the range of the integral, of only one of the 
two variables; or within that range, there is a definitely connected and 
simultaneous variation of both variables. 


Of double integrals, there are two classes. In one class, the integration 
with regard to each variable is entirely independent of the integration with 
regard to the other, so that the integrations can be performed in either order. 
In each integration, only one variable is subject to variation. Thus the 
double integral is effectively only a double operation of single integration. 


We have already had some examples, at an earlier stage, of this class of 
double integrals. 
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Ez. A function f(W, 6) is periodic in , with period 27, and is also periodic in @, 
with period 27; and it is regular for all values of the variables within the ranges of two 
complete respective periods. Let u(r, 7’, p, $’) denote the integral 

Lo aa bes fb, 0). —— ee) : 
4m? Jo Jo’ vs {1—2r cos (v— ph) +r?} {1 — 27" cos (8@- g') +7} 
Prove that, when 7 <1 and 7 <1, the function u(r, 7’, >, ¢’) is regular; and that, in the 
limit when r=1 and 7’ =1, the function u(r, 7’, , ¢’) is equal to f(d, ¢’). 


Shew also that, if 


dy dé. 


pt 


+ 


7 
$ aie 


Z=re 
u(r, 7, p, >’) is expressible as the real part of a regular function of the complex variables 


z and 2’. 


Note. This result will be noted as the extension of the simplest result, relating to 
potential functions of two real variables, in Schwarz’s establishment of the existence of 
a function of one complex variable satisfying conditions of specified assigned types *. 


95. In the other class of double integrals, the variations are not inde- 
pendent of one another; if either can be performed alone, usually the range 
of variation for the variable is affected by the other variable; and, in the 
general case, such integration cannot be performed for one variable alone. 
It then becomes imperative to define precisely what is the meaning assigned 
to the double integral. For this purpose, we adopt the procedure initiated 
by Poincaré }, using space of four dimensions in real variables. 


As usual, we take 
z=a+t, gaa +iy’, 
where 4, y, a’, y’ are real and are the coordinates of a point in this space. 
Without further limitation, the variables 2, y, a’, y’ are independent of one 
another. 


For our immediate purpose, we now make two successive suppositions 
consistent with one another, so as to secure a working definition of a double 
integral. 


First, let X, Y, Z be real variables of a point in ordinary space; and 
suppose that 2, y, #, y’ are limited in variation so as to be expressible in 
forms 


aPC, 2), ya FRO DA WS BAX Y, Dy of = MOG Y, 7), 


where (for purposes of description) we assume that F,, F,, F;, F, are rational 
functions of X, Y, Z not becoming infinite for real values of these variables. 
Eliminating X, Y, Z, we shall have an (algebraical) relation 


Oe. 4,0, 4 )=0; 


* See my Theory of Functions, chap. xvii. 

+ Acta Math., t. ix (1887), pp. 321—380, It is followed, in part, by Picard who has made 
great extensions, as also by other methods, of the properties of double integrals specially 
connected with algebraic functions; see his T'raité d’ Analyse, t. ii, ch. ix, and his Théorie des 
fonctions algébriques de deux variables indépendantes, already quoted. 
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which represents a three-dimensional continuum in the four-dimensional 


space. 


Next, let X, Y, Z describe a surface S, or a portion of a surface S, in 
ordinary space. Again for purposes of illustration, we shall assume S, or the 
selected portion of S, to be devoid of singularities. We can take X, Y, Z as 
functions of two real parameters p and q, valid over the surface S or the 
portion of it; and we then have equations 


©=9 (29), Y=R(PRD Y=H(DD, Y=IH(P Q: 
These relations imply two equations, say 
U (ay, «, oy )=90, V (aya, ¥; y') = 9; 


which represent a two-dimensional continuum (the surface S, as in § 5) im 
our four-dimensional space, We take a simple closed area in the plane of 
the variables p and q, represented by an equation 


F(p, =9; 


and for the double integral, we allow all values of p and q within this area, 
representing them by the relation 


F'(p, q)< 0. 


Then the limit of the range of integration on the surface S is given by 
F (p, q)=90; and this limit will lead to three equations of the form 


Bilayer ry yao! (s= Ls) 
representing a curve in the four-dimensional space. 


Now let f(z, 2’) be the function, to be “doubly integrated” in the sense 
that a meaning has to be assigned to the double integral 


je | f (2, 2) dede’, 


As f(z, 2) is a complex function, we resolve it into its real and imaginary 
parts; let 


f@ HP F122, 


where P and Q are real functions of a, y, «’, y’. Then 
7 ( | (P +1Q) (de + idy) (da! + idy’) 


= [fw + 1Q) dada! + (iP — Q) dedy' + (iP — Q) dyda’ —(P + iQ) dydy’}. 


Manifestly J, whatever its value, can be a complex variable ; so writing 


f=],+124,, 
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where J, and J, are real, we have 


I, =|[iP (dadax’ — dydy’)} — [lia (dady' + dydz')}, 

1,={ [{Q (dada! — dy dy’); + | | (P (dedy + dyds)}. 
And now, J, and J, are ordinary double integrals involving only real 
variables, for the real quantities x, y, 2’, y’ are functions of only the real 
variables p and q; and these double integrals are taken over the limited area 
F (p, q) <9 in the plane of the variables p and g. 


Both integrals are of the form 
| |(Adeda’ + Bdedy' + Cdyda’ + Ddydy), 


where all the quantities concerned are real—there being, of course, limitations 
upon the forms of A, B, C, D and also of their differential relations to one 
another. When we give explicit expression to the functionality of , y, a’, y/ 
in terms of p and q, the integral becomes 


[faz (==) + Br (22) + os (=) + DJ (2X) dpa. 
Pq P»4q PY P» 4 
but for our purposes it will suffice to take the first form. 


Our object is the generalisation, if generalisation be possible, of the 
fundamental theorem of Cauchy which asserts that, under appropriate con- 


ditions as to f(z), the integral [ro dz taken round a closed contour is zero: 


it is a consequence that the integral I7@ dz, between two points in the 

plane, has a value independent (subject to restrictions) of the z-path between 

the points. Suppose that, instead of the former values of a, y, x’, y’, we take 
c=h (p,q), y=ho(p,g), @=hs (pg), Yo =hs (PO; 


so that we could have a new surface 7 different from S; and suppose that, 
corresponding to the former equation F (p, q)=0 lmiting the range of 
integration, the range of integration in 7’ is still limited by F' (p, g)=0, and 
that the limiting curve connected with 7’ in our four-dimensional space is 
given by the same equations 


AD, Ys0 1) = Ome 4S 2,3); 


as the limiting curve connected with S. We thus should have two different 
surfaces passing through the same contour. Then the generalisation would 


be that the integral | | F(z, #) dzdz should remain invariable if only the 


surface over which the integration extends is made to pass through an 
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assigned fixed contour; or, if we take a completely closed surface through 
the fixed contour, the integral i | I (2 2) dzdz taken over the whole of this 


surface vanishes. 


96. Accordingly, we consider an integral 
EE [[Anndimdta, 


where the summation is taken over all pairs of values m, n = 1, 2, 3, 4, and 
where &,, ®, 3, #7, take the place of a, y, 2’, y’. We define the integral for 
the four-dimensional] space as above; consequently, because 


i ae | | And (2 (n=) aaldes 


Xn, Lm 


with the foregoing interpretation, we have 


[[4mn ALng AX, ai | J An AL, AL 


and 
[[4 mm diy Am ae -| ae AX dk, ; 


that is, taking account of the whole integral and of the combinations of m 
and n instead of the permutations, we shall assume that 


Wee 


so that we need only consider the combination | | Ann n@t,ax,. Moreover, this 


process of regarding the integral obviously involves the additional assumptions 


Anaee = 0, 
for all the values of m. 


Next, we take* a,, #,, «;, vw, as expressed in terms of the three variables 
X, Y, Z, so that our double integral becomes 


Sfex| 4 mo J (7 wp) dV al +I (Fe ft) ad + F(T y)@xart |, 
that is, 


| | (EdVdZ + ndZdX + tdX dV), 


where 
=) Lm, 2, 
E= zzA ies eR ’ 
d 
Lyn,» 2 
Ud 2a Age (Fx) ) 
Ly, & 
C= SE AT (Ge) 
a) 


* Here Picard’s proof (Traité d’Analyse, t. ii, p. 270) is followed exactly. 
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The integral is to extend over the surface in the X, Y, Z ordinary 
space. 
We therefore require the condition necessary and sufficient that such an 
integral 
[|(gavaz + aZzaXx + EaXdY); 


over any surface which passes through an assigned contour in the p, g plane, 
shall depend solely upon the contour. This condition is well known: we 
must have* 


pee tomy aclis,: 


Xun Van ain 
Accordingly, the condition is 
0 | mo z+ i 5 (oe 1 
0 ss Lins Ln 
As oZ 123 dmnd (SB zt 1) 


In this expression, the coefficient of Am, is 


at CED) a VCP} -ave9), 


which vanishes identically. 
As regards the derivatives of Amn, we have 


OA mm vl zs OA mn 02 
ox an Oa Ox? 


and so for the others. Hence, in the foregoing expression, the coefficient of 
a and the coefficient of aa both vanish identically; and the non- 
m n 
vanishing coefficients are the sum of terms of the form 
OAenan OA ny 0A un LX, Lm, Ly 
Ga tle a awae 


Consequently, the condition becomes 


= . a CA wan OA ni OAim LY, Lm, & 
s ott » Mm, Yn 
bad re a i( 0x, a Om, te OL, ) eh ea Ve Z)- 0, 


* When the condition is satisfied, we can take 


p= oy og ENOG» OY ~ Gs Ge 
Of en «| ae ex® Sax oy" 


_and then the integral can be expressed in the form 


| (ade + Bay +de), 


taken round the contour in the p,q plane. The result was first enunciated as a problem by 
Stokes, in the old examination for the Smith’s Prizes at Cambridge in the year 1854; see Stokes, 
Math. and Phys. Papers, vol. v, p. 320, with a note by Prof. Sir J. Larmor. 
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a condition which must be satisfied identically, whatever be the surface 
over which the integration extends, subject to its passing through the 
contour. 


The quantities 2, 2», £,, %» are functions of X, Y, Z such that, away 
from the contour, any three of them are independent of one another; and 
therefore the quantities 

Ly, Ln, Ln 
I( ENE) ) { 
except along the contour and individually at special places in space, are 
different from zero. It follows that we must have 
OA hen te, OAn . OA tm _ 0 
0x) OXLm, 0X 4 


for all the combinations J, m,n=1, 2, 3, 4. Moreover, it is easy to see that 
this set of four conditions is sufficient, as well as necessary, to secure that the 
value of the integral 


EE || Ann diem diy 
depends only upon the contour. 


97. Now let us apply all the conditions to the integrals J, and J,. We 
have 


fe = | |[(Paieae — Qdeedy' — Qdydex! — Pdydy’), 


and we take 
/ / 
a, Y; x ? y = Hy, XH, @3, U4, 


respectively. We have 
A»,=0, dp=P, Au=—Q, Ay,=—-Q, Ay=—P, Ay=0 


Consider the conditions 


0A mn OA ni 0A lm 
+ = 


02x] Olm | * "OBE 


0, 


for the combinations J, m,n = 1, 2, 3, 4. They require the relation 


_2@ _ oP 
Om Gap ie 
for 1, m,n=1, 2,3; the relation , 
oQ oP 
= oy’ te an’ 0, 
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for 1, m, n =8, 4, 1; and the relation 


for l, m, n=4, 1, 2. 


Similarly, we have 


I,= [ | {Qdada' + Pdxdy’ + Pdydx' — Qdydy’}, 


so that we can take 


A= 0, A,=Q, Ay=P, Ag=P, Ay=— Q, Ay=0. 


The general conditions require the relation 


OP 0 _ 4 
On ay ° 
for the combination 1, m, n =1, 2, 3; the relation 
OP | 0 9 
oy Oar ; 
for the combination /, m, n = 2, 3, 4; the relation 
oP a 
= Aad Sr = (); 
for the combination J, m, n= 3, 4, 1; and the relation 
Roe, 
DY) Oe 


for the combination J, m, n = 4, 1, 2. 


Thus all the conditions are satisfied if only 
CF eo) OP*. | em OP 10 e teh 0Q 
Op Oy cai LOY on”. da dy? oy’ Ox’ 
But, by definition, we have 
P+iQ=fle /)=flw+ty, a! + iy), 


where P, Q, a, y, x’, y’ are real; and so these four relations are satisfied. 
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It follows, then, that J, and /, depend solely upon the contour; and 
therefore J, = J,+7Z,, also depends solely upon the contour. And we have, 
throughout, assumed that the quantities P and @,—that is, also the function 
F(z, #)—are free from singularities. Hence we have Poincaré’s extension of 


Cauchy’s theorem :— 


If, within the closed surface S, which is taken in the space of three 
dimensions X, Y, Z, and points on which are given by equations of the form 


X=fi(p,.9), Y=fi(p.¢g), 2Z=fs(p, OD; 
so that, along the surface, 
a=F(X,Y,Z)=9(p,9), y=Fr(X, Y, A= 92(p, 9); 
a = F(X, Y,Z)=9:(p, 9), Y= FAX, Y, N= 9s(p, 9; 
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there is no place X, Y, Z, where the function f(z, 2) ceases to be regular, 
the value of the integral [[re Zz) dzdz' taken over the whole of the closed 


surface ws zero. 


Again, for such a function and over such a space, the value of the integral 
| | f(z, 2) dzdz’ taken over any portion of any such surface S bounded by a 


contour, the surface and the contour lying within the domain, depends only 
wpon the contour. 


Further, it follows that the value of the integral | FZ; Pyaar taken 


over any such closed surface, remains unaltered during deformations of the 
surface provided they occur in the domain of X, Y, Z, and cross no place 
giving rise to no singularity of f(z, 2’). 


98. Now consider the singularities, or other deviations from regularity, 
of a function f(z, 2’). We take the preceding surface S existing, as in § 95, 
in an ordinary space of three dimensions, the representation of the variables 
being 

Gal (X, V2) yeh were =! AY Ay =e 
The singularities of f(z, 2’) may be given by a set of single equations, typified 
for each of them by 

0 (2, 2y=0 
or by sets of two independent equations, typified for each set by 
G(zZ2)=0, dbG@azj=0 
The former will lead to two equations, say 
1@Y%Y)=0, aye y)=0; 

so, in our X, Y, Z space, they will be given by equations 

@,(X, Y, Z)=0;- ©,CGY; Z)=0: 
These two equations represent a curve C in that space; at every point on 
the curve there is a singularity of f(z, 2’). 

The latter will lead to four equations, which may be regarded as defining 
an isolated place or an aggregate of isolated places determined by the values 
of #, y, 2, y’. Such places may or may not exist in our X, Y, Z space. 

Take a closed surface S in the space, containing no place or places 
X, Y, Z, giving rise to an isolated singularity of f(z, 2’), to Any curve O, or 
to any part of such a curve. The integral [[ re z')dzdz’ taken over S is zero. 


Take two closed surfaces S and S’ in the space X, Y, Z, such that 
S can be continuously deformed into 8’, without passing over any place 
giving rise to an isolated singularity of f(z, 2’), or over any curve C, or any 
part of such a curve C. The value of the integral taken over the surface 
S is equal to its value taken over the surface 9’. 
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Take two closed surfaces S and S’ in the space X, Y, Z, such that they 
enclose places giving rise to exactly the same isolated singularities of f(z, 2’), 
to exactly the same curves C and to exactly the same portions of curves C. 
The value of the integral taken over the surface S is equal to its value taken 
over the surface S’. 


Thus the value of the double integral | | Fé @) dzdz’, taken over the 


closed surface S, is zero when the surface encloses no place X, Y, Z, where 
J (4 #) ceases to be regular. When the surface does enclose places X, Y, Z, 
where f (z, 2’) ceases to be regular, the value of the integral depends upon 
these enclosed places; we cannot assert that its value is zero. 


99. The theorem can be enunciated in similar terms when a two-plane 
representation of z and z’ is adopted. Thus, very specially, within a circular 
ring in the z-plane and within a circular ring in the z-plane, let a function 


F(z, 2) be everywhere regular; then the value of [[? (z, 2’) dzdz is the same, 


whether the integral be taken positively round the outer circles in the two 
planes, or be taken positively round the inner circles in the two planes. But 
such a case is exceedingly special ; and, as was indicated earlier in the lectures 
(§ 19), the frontier of a domain of variation for z and z’ is of a more com- 
plicated character than in the result just enunciated. 


100. We proceed to consider some of the simplest cases when the subject 
of integration in a double integral ie 2) dzdz’ possesses either isolated 


singularities or any continuous aggregate of singularities within an assigned 
domain. In passing to these examples, it may be remarked that the whole 
subject of double integrals of uniform analytic functions, possessing singu- 
larities of the known types, offers a field of research, in which many of the 
results already obtained are of a tentatively exploratory character. 


In the examples that will be considered, we shall use the two-plane 
representation of z and 2’, and we shall deal only with a finite part of the 
whole field of variation of z and 2’; that is, for all the variations, | z| and | z’ | 
will be kept finite. To these examples*, all of which involve only rational 
functions of z and z’, we now proceed in order. 


ExampLeE I. Let F(z, 7) denote a function that is regular everywhere 
within an assigned finite domain; let a, a denote any place within that 
domain. Then we consider the integral 


I Che 
i st : ) —~ dzdz’, 
J(2-a)(z7—-@) 
* In this connection, reference should be made to Picard, Fonctions algébriques de deux 


variables, t. i, ch. ili. 


F. it 
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taken over the closed frontier given by the equations z—a/=R, 
| 2’ —a’'|=R’, so that it encloses the place a, a’. 
The singularities of the subject of integration are given by 
(i) z=a, 2 =any enclosed value of 2’; 
(ii) z=any enclosed value‘of z, 2’ =a’. 
By our general theorem, we can deform the closed frontier without changing 
the value of the double integral, provided the deformation causes no transition 


through any of these places. Accordingly, let the closed frontier be deformed 
until it encloses only the small domain, composed of the interior of the circles 


g—a=re", 2 =a =r'e%, 


where r and 7’ are small real positive constant quantities. Then 
iit @, z ‘) jae I 63. f 1 oti a 
Whe eorex oe Zz [i @+ ree a +re ) déd@, 


the integration ee over a 6-range from 0 to 27 and over a @’-range 
from 0 to 27. Now F'(z, 2’) is regular throughout the domain; hence 
EOP aa) 


m= = n=0 Mm! n! oa” oa" 


pie yr’ Ne (me+né’) a 


F(a+re®, a + 7c") = 


But for positive integer values of m and n, such that either m or n is greater 
than zero, we have 


[femernne dédé’ =0 : 


| | dod = 4. 


i Fat re%, a! + r'e%%) dd = 4m? F(a, a’); 


and 


Hence 


and therefore, with our hypothesis as to the regular character of F(z, 2’) 
within the domain, we have 


1 F(z, 2 
-mlle=yira #) yy dede’ = F (a, a’), 


taken over the closed frontier of oe |z—a|=R, |z—a’ | = R’, 


Corollary. With the preceding Sa concerning the regular 
function F'(z, 2’), we have 


= ee Nee 2) dede! e=i(), 
Nk a 


Agr? Z- 
ea dz' =0, 


taken over the closed frontier of integration |z—a|=R,|2’-a’|=R 


Note. When the integrals are taken over a closed frontier of integration 
which does not enclose the place a, a’, all the three integrals have a zero value. 
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EXAMPLE II. As before, let /'(z, 2’) be regular everywhere within an 
assigned finite domain; and let a, a’ be any place within that domain. We 


consider the integral 
Ez, 2) ; 
Ne jo ayn (2’ ao aye dzdz ? 


taken over the same closed frontier in that domain, the frontier enclosing the 
place a, a’, and the quantities m and n denoting positive integers, zero included. 


We proceed exactly as in the preceding example. Because 
[fermrmeer ot 0% dedd’ = 0, 


for the range 0 to 27 for @ and for 6’, except only when m=w and n= vp, we 


find 
= ai) F(z, 2) epee ee a 
Ar? (Z bn z=, 27=a' 


ymti (7/ — q/ nt mlal \ o2™"oz'™ 


for all integer values of m and n that are not negative. 


ExampLeE III. Let a, 8, y, 6 denote four constants such that ad — By is 
not zero; and consider the double integral 
i il dzdz 
(22 + Be’) (ye + 82’ 
taken over a frontier that encloses the place 0, 0. 
For a given value of 2’, the quantity az + 82’ vanishes if z= z,, and the 
quantity yz + 62’ vanishes if z= z,, where 
Bry a, 
—-2, 24=--Z2Z. 
a 


Y 


The values of z, and z, are unequal except only when 2’ =0. 


4 


First, let, integration with regard to z be effected before integration with 
regard to z. ‘Take in the z-plane a small simple curve enclosing z, and 
excluding z,, say a circle centre z, and of radius <|z2,—2z,|; and effect the 
integration round this circle in the z-plane while z’ is supposed invariable. 


Then, as ' 
1 1 


(az + Be’) (y2+ 82’) ay (2 =“) (2-4) 
Siceakal Lpaxail as 
~ (ad — By) 2’ = Z— 2)” 
we have (when the indicated integration 1s effected) 


dz Qa 


le + Bz’) (yz+ 52’) (ad — By) 2’ 


(aan, [-# 20, 
i bo 


Z-k 


because 


11—2 
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taken round the z-circle. Now let the integration with respect to 2’ be 
effected round a small circle, the circumference of which passes through 2’ 
and the centre of which is at z’ =0; then, as 


| dz 


~ = 201 
Zz 


for this integration, we have 


1 { { dedz eae 
~~ Ae? (az + Bz')(yz+ 82’) ~ a — By’ 
Writing 
C= a7 + Bz’, C= yz 62’, 


r(PS)asG ¢’) = a8 — Bry, 


if [[F = a” . 
Ys eS Sn (90 50 
when integration is effected, first with regard to z round a small simple z-curve 
enclosing a root of € for a given value of 2’ but not a root of €’, and then with 


regard to 2 round a simple z’-curve through that value of z’ enclosing the 
origin 2’ = 0. 


we have 


Sunilarly, we have 


eee i | dzdz 1 
Cs a 4) OES (SY 
when integration is effected, first with regard to z round a small simple z-curve 
enclosing a root of ¢’ for a given value of 2’ but not a root of € and then with 


regard to z’ round a simple z’-curve, passing through that value of 2’ and 
enclosing the origin 2’ =0. 


Similarly, we have 
my | dzdz’ 


~~ Aer? mi 


a 
when integration is effected first with regard to z round a z-curve enclosing 
both a root of § and a root of ¢ for a given value of 2’, and then with regard 
to 2’ round a z’-curve passing through that value of z’ and enclosing the origin 
z=0. For we then have 


d 
[eae a2 (2 = 2nri, 
Z— hy Z— 2p 


so that 


i (az + avs + 62') (ad a Z | L ©. he =.) 
=.0. 
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Next, let integration with regard to z’ be effected before integration with 
regard to z. Indicating this order in the same way as before, we consider 
| i oe Ns la 
JJ (az + Bz’) (yz + 82’) 


and then, from the definition of the significance of a double integral, we have 


r={{ : _dzdz =-[f dz’ dz 
(az + Bz’) (yz + 62’) J (az + Bz’) (yz + 82’) 
tt dz dz 
lh eee 
Take in the z-plane a small simple z’-curve enclosing a root 2 of € but not a 
root 2, of &’, for a given value of z, where 


z= sd é 
effect the integration with regard to 2’ round this curve; and then effect the 
integration with regard to z round a simple curve through the given value of 
z enclosing the z-origin; then 


_ A ffatae_ 
Ate NW REEE ae OS AEL CY 
and so 
__1 | sei ee 
An? } J (az + B2’)(yzt+ 62) JS(E, o')’ 


in this case also. 


Similarly, when integration with regard to 2 is effected first, round a 
small simple z’-curve enclosing a root of ¢ but not a root of € for a given 
value of z, and then integration is effected with regard to z round a simple 
curve through the value of z enclosing the z-origin, we find 


Le call ___ dadz’ eae 
Amr? } J (az + Bz’) (yz+ 82) S(, £)° 

Lastly, when integration with regard to z’ is effected first, round a small 
simple z-curve enclosing both a root of € and a root of ¢’ for a given value of 
z, and afterwards integration is effected with regard to z round a simple 
curve, passing through the value of z and enclosing the z-origin, we find 
Le [ dzdz’ 
Aer? } J (az + Bz’) (yz + 82’) 


Summing up, we can say that the value of the double integral 


= 0. 


1 [ i dzdz’ 
Ae?) J (az + Bz’) (ye + 82’) 
as independent of the order of integration ; that it as ii ce , where 
J(E, 6°) = 46 — By, 
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when integration is effected round a curve enclosing a root of 6, where = a2+ Bz’, 


when 


Le A} 1 

but not a root of £', where 6’ =yz + 62’; that it rs 2 
peat, GS) RO 

integration is effected round a curve enclosing a root of &' but not a root of €; 

and that it is zero when integration is effected round a curve enclosing both a 


root of € and a root of €’. 


And, of course, the value is zero when the integration is effected round a 
region that does not enclose any zero of € or of 


Example IV. The preceding result cannot be applied when the initial 
assumption, viz. that ad — ry is different from zero, is not satisfied. In that 


case, we have to deal with 
‘ iF dzdz 
(az + + Bz’)? e 


When the integral is taken round the place 0, 0, in either of the ways 
indicated in the construction of the last result, the value of the double 
integral is zero. 


ExamMpLe V. From III and IV, we infer the following results relating to 


the double integral 
| iF ~ ee 
de? J J Na? + Quee! + pz2 


There are two cases, according as pu? is not, or 1s, equal to Ap. 
& , ae | p 


(i) Suppose that «?— Xp isnot zero. When integration is effected in either 
plane, round a small simple curve enclosing the root of Xz+ {u+(u2—XAp)?} 2’=0 


but not the root of Az + {u— (uw? —rp)2} 2’ =0, and then round a small simple 
curve enclosing the poe in the other plane, the value of the double integral is 


1 
ye + (Ww ND) >, 
When integration is effected in either plane, round a small simple curve 


enclosing the root of z+ {u—(u2?—Ap)*} 2° =0 but not the root of 


Nz + {u + (wu? —Ap)*} 2 =0, and then round a small simple curve enclosing 
the origin in the other plane, the value of the double integral is 


3 (w?—Ap)-?. 
And when integration is effected in either plane, round a small simple curve 
enclosing both roots of Xz? + 222’ + pz*=0, and then round a small simple 
curve enclosing the origin in the other plane, the value of the double integral 
ts Zero. 
(ii) Suppose that “?—Ap=0. When the integral is taken round the 


place 0, 0 in any of the ways indicated for the preceding case, the value of the 
double integral ws zero. 
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EXAMPLE VI. Let 
P=7™(y+n2 +...) Q=2" (6) £0,2 + ...), 


where y, and 6, are different from zero and (for the immediate purpose) m and 
nm are positive real quantities, not necessarily integers. We require the 


value of 
eval) 
eae UE ek es 
An? JJ ow 
where uw=az+P, v=8z+Q, when the integration is effected, first, with 
regard to z round a small simple closed z-curve enclosing a root of u (but not 
a root of v) for a value of 2’, and, then, with regard to z round a small simple 
closed curve, passing through that value of 2 and enclosing the -origin. 
We also assume that aQ— @P does not vanish identically. Now 
SJ = az'" {nb +(n +1) 0,2 + ...} — Be" {my + (m+ LT) 2’ +...}. 
Thus, if m<n, the lowest power in J is — mBy.2’"~; if m >n, the lowest 
power is nad,2z’"— ; if m=n, =1 say, the value of J is 
Lz’ (ad) — By) + (LE +1) 2'™ (48, — By) +... 
For any small value of z’, such that |2’| is less than the modulus of the 
smallest root of P or Q other than z =0, let 
a+P=0, Ba+Q=0. 
Then the double integral 


=Sralleae eo J 
=~ Flag = ap 


When m < n, the value of the right-hand side is n. 


When m >n, the value of the right-hand side is m. 


When m=n, =/, the value of the right-hand side is 1 +k, where ad; — Byz 
is the first of the coefficients ad,— By, 46, — By, ... which does not vanish. 


In each of the three alternatives, the, value of the integral 1s the degree of 
the lowest power of 2 in the eliminant of az+P and 8z+Q, when z is 
eliminated. Moreover, when m and n are integers, the value of the integral vs 
then the multiplicity of 0, 0, as the sole isolated simultaneous zero of the uniform 
functions 

azt+P, Bz+Q, 


enclosed by the frontier of integration. 


EXAMPLE VII. Next, let 


a LON) te eee ay (2) 
var + arg (2!) +... +9n(Z), 
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where the functions u and v are independent and have no common factor of 
their own form, and all the coefficients f,, ..., fin, Gi, +++» Yn are functions 
of 2 which are regular in the vicinity of 2 =0 and vanish with z. We 
require the value of the double integral 


. a [(& v) wae 
4? om) 


taken (as have been the preceding integrals) round a frontier, which encloses 
the place 0, 0, and encloses no other simultaneous zero of u and v. Let 


== (2 — 2) (2 = Zaha oss (2—Z2m), v=(2¢—G)(@—-G)..:--. (2 — En), 
where each of the quantities 2, ..., 2m, &, ---» : 18 a regular function of 


positive powers of z#; where mw is a positive rational fraction; and where 
each of these quantities vanishes with 2’. The eliminant of wu and v is 


m nw 
I II (2, — &s); 
r=1 s=1 
if, when z,—€, is arranged in ascending (fractional or integral) powers of 2’, 
the lowest power of z’ has an index y,.,,, and if 


m n 
2, > Br, — M, 


r=1 s=1 
Z™ (2), 
where ¢(0) is not zero. The magnitude M is an integer, manifestly finite : 


it is the measure of the multiplicity of 0, 0, as an isolated zero common to wu 
and v. 


the eliminant of wu and yv is 


For the range of integration, first take a value 2 of modulus smaller than 
the root of $(z2’) which has the smallest modulus. In the z-plane mark all 
the quantities 2, ..., 2m, &, ---; &, which are functions of this value of 2’; and 
draw a simple closed z-curve, enclosing all the places 2,, ..., 2m and none of 
the places , ..., &. We take the integral round this z-curve; when this 
first integration has been effected, we integrate with regard to z’ along a 
small simple closed z’-curve, through the place for the assigned value of 2’ 
and enclosing the z’-origin. 

We have 
J sy x dy + 2, 


wv i ay s=1 (z = Zr) (2 7a TA 
where z, = ee and Ga ay hence 
- a | AORN dzdz’ = — Bay oS ca az’. 
Ar? Uv Ar? r=1s=1. zy ae o 
But the lowest power of z’ in z,— €, is 2’#rs, Hence 


2, [fF 9 ats = 23 ppm 


r=1s=1 
that is, the value of - double mene taken over the range indicated, is the 
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measure of the multiplicity of 0, 0, as an isolated simultaneous zero of the 
functions u and v, which are supposed to be independent and to be devoid of 
any common factor of their own form. 

Corollary. ‘Two or more of the quantities 2, ..., 2m may be equal, or they 
may be equal in groups; and, similarly, two or more of the quantities &, ..., €: 
may be equal, or they may be equal in groups; while, after the hypothesis 
as to the functions u and v, no one of the quantities € is equal to any of the 
quantities 2,,...,2m. The value of the double integral over the indicated range 
still is M. 


Note 1. If the range of integration, enclosing 0, 0 and no other simul- 
taneous zero of u and ¥, is chosen so that the z-curve (for a value of 2’) 
encloses all the places &, ..., &, and no one of the places 2, ..., Zm, and the 
z'-curve is drawn as before, the value of the double integral becomes — MV. 


Note 2. We have 
1 J (u, v) oe 
reall wv ee qr? 


When integration is effected first with regard to 2’, round a curve enclosing 
all the roots of ~=0 and no root of v= 0 for an assigned value of z, and then 


Zz dz. 


round a z-curve through this value and enclosing the z-origin, we still have 


= a /f/ ical, 
Ar? UW 


In other words, the value of the double integral is independent of the order 
of integration. 

Exame_e VIII. Let a and £ be non-variable quantities, of finite moduli; 
let c, c’ be a level place for two regular functions, f and g, such that 

f(e¢)-4=0, ge ¢)-B=0; 

and let f(z,2)—a, g (4, 2’)— B, be independent, and have no common factor 
which vanishes at c,c’. Then the place c, c’ is isolated; its multiplicity is the 
value of the double sas 


JL 9) pahipe 
tesa NRA Mg @ ey 6} ee 


taken first round a small simple closed curve in the z-plane which, for an 
assigned small value of z, encloses all the roots of f(z, z’)=a and none of the 
roots of g (Zz, 2)= 8, and then round a small simple closed curve, through that 
value of 2 and enclosing the z’-origin. 

The result follows from the last example by writing 

u=f(z,2)—%, v=g(z,2)-B; 

the multiplicity of c, c’ as a level place for f and g is its multiplicity as a zero 
for wu and v*, 


* In connection with double integrals of the preceding types and taken over such ranges of 
integration, the reader should consult Picard’s treatise, t. i, ch. ili, quoted p. 161. 
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Algebruic functions in general. 


101. Hitherto, all the subjects of integration in the double integrals that 
have been considered, have been uniform functions. Bearing in mind the 
extraordinary importance of Riemann’s investigations connected with the 
simple integrals of algebraic functions, we should naturally seek the general- 
isation of that work for algebraic functions of two variables. 


Into that theory I do not propose to enter in detail. In one sense, it 1s 
enough for me to refer to the long series of valuable researches by Picard *. 
All that will be done here is to submit one or two simple propositions, when 
there is a single dependent variable, partly from the standpoint of the general 
theory of functions and without regard to the theory of the singularities of 
surfaces, partly also to state the corresponding propositions when we have 
to deal with the case when the fundamental algebraic equations provide 
two dependent variables and not one alone, the number of independent 
variables always being two. 


Suppose then that we have, in the first place, a single irreducible algebraic 

equation 
Tw 2 2 y=, 

expressing w as an algebraic function of z and 2’; and assume that the equation 
is of order m in w, so that w is m-valued. Any rational function in the field 
of variation is of the form R(w, z, 2’), where R is the quotient of two poly- 
nomials in all the variables w, z, 2’. To this rational function R(w, z, 2’) a 
canonical and recognisable form can be given; the proposition, stating its 
form, can be established in the same kind of way as for the corresponding 
proposition when there is only a single independent variable. 


Let the m roots of the fundamental equation f(w, z, 2’) =0 be denoted 
by w,, W2,..., Wm. Then, for any positive integer n, the quantity 


wi R(w,, 2, 2) + wR (we, 2, 2) +... + Wm" R(Wm, 2, 2) 


is a symmetric function of the roots w,, ..., W,» of the fundamental equation, 
having rational functions of z and z’ for the various symmetric combinations 
of the roots; it is therefore a rational function of z and 2’, Denoting this 
rational function by P,,(z, 2’), we have 


m 

2 w,” R (wy, Z; 2’) i vg (z, Z’). 

r=1 
This result holds for all integers n; hence, taking it for n =0,1,...,m—1, we 
have m equations, each linear in the m quantities R (w,, 2, 2’), ..., R (Wm, Z, 2’): 


* They are expounded fully in his treatise already quoted (pp. 161, 169); and in that treatise 
full references will be found to the work of Neether, Enriques, Castelnuovo, Severi, Humbert, 
Berry, and others, in especial connection with the analytical developments associated with 
surfaces in ordinary real space. 
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Solving these m linear equations for the m functions R (w,., z, 2’), we have 


ME SPER LTRS ee TIT, TOs | PE eat, Ls, de OY, 
ie gre aware | Wen TPANZ, 2a) ie We oe oot URED | 
ae eaten t Mecneiniltemettacinices aA | 
Vet sets Ua ac ce thn Pleat (226), Wg, Peun  ee 


The determinant on the left-hand side is the product of the differences of all 
the roots of the fundamental equation f(w, z, 2’)=0 regarded as an equation 
in w, and is usually denoted by 


f (un, We, es Wn); 
so that, from this definition of £ we have 
EO (Wy, We, ..+, Wm) = (Wy — We) (Wy — Ws)... (W1 — Wm) F (We, +++, Wm): 


On the right-hand side, each of the quantities P, (z, 2’) has, as its coefficient, 
a determinant of the roots wy, ..., Wm; and in each case, this determinant can 
be expressed as a product of €(w., ..., Wm) and a symmetric function of 
Way is., Wp.  “Chus the coefficient: of P, (2, 2) 18! Wy Wy... Wp, 6 (Wa; ~~ Wy) 
> i 


, ) C (Wen wae Min) s ALG (SOnOls 
y=2 Wy 


the coefficient of P, (z, 2) 18 — WoW, ... Wy ( 


Hence dividing out by (wz, ..., Wm), we have 
(w, — We) (W; — Ws) .-. (Wy — Wy) B (wy, 2, 2’) 
SP Sy tee Sr uc “Pal ene aas 
where 5), 5, ..., Sm, are the symmetric functions of wo, ..., Wn. 
Now by the algebraic equation f(w, z, 2’) = 0, each symmetric function of 
We, +++, Wm can be expressed as a polynomial in w,, having rational functions 
of z for its coefficients. Also 
A (Ww, — We) (Wy — Ws) «.. (Wy — Wm) = (Z) . 
W/ w=w, 
where A is the coefficient of w,” in f(w, z, 2’). Hence 
(Z) R (w,, 2 2) =@8 G67 2,2 ), 
where © is a polynomial in w,, which can always be made of degree < m—1 
by use of the equation f(w, z, 2’)=0; and the coefficients in this polynomial 
are rational functions of z and 2’. 
A corresponding expression holds for each of the functions R(w,, z, 2’), 
..., R(Wym, 2, 2’), all the polynomials © (w, z, 2’) having the same coefficients in 
the form of rational functions of z and z’. Consequently, when we denote any 


root of our algebraic equation 
WiC aa) 


simply by w, any rational function R (w, z, 2’) of all the variables can be 
expressed in the form 
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where © (w, z, 2’) is a polynomial in w of degree <m—1, the degree of 
Ff (w, 2, #)=0 in w being m, and where the polynomial has rational functions 
of z and z for the coefficients of the powers of w. 


This is the generalisation of the well-known theorem of Riemann on the 
expression of functions that are uniform functions of position on a Riemann 
surface *. 


Lv. 1. Let the fundamental equation be 
w+et+e72=1; 
and let 
patit At cw 
az+tald +cw ~ 
There are two values of &, viz. the expressed value, and &’, where 
, Az+A's/ —Cw 
hh’ =——__—_§£~_.. 
dz+az —cw 
Hence, following the general argument, we have 
(Az+ A's’) (az+a'7) —cCv? 
(az+a'Z)? — cw? =e 
where P is a rational function of z and 2’; and 
Az+A'?)—-C(azt+aZ 
(az+a'z)? — c2w? 
where @ is a rational function of z and z. Hence 
wP+Q 
w 


R+ Rh’ =2 


2P, 


eR one =2, 


R= 


? 


which establishes the proposition. 


Ex. 2. When the fundamental equation is 
wW+3473=1, 
obtain canonical expressions for 
Az+ Bi +Cw 
az+bz +cew ’ 
az + bzw +ew? 


di) —3 


a'2'2 + b'2'w+ elu?" 


(i) 


Note. There are of course particular methods better adapted to particular cases than 
is the general method which applies to all cases. 

Thus the function 
Az+ A’? +Cw 
az+bz'+cw ° 
when w?+2°+2%=1 is the governing algebraic equation, gives 

Az+A'7 (az + b2')2—(az+bz' 12a pQd 
Re, 2) =! z+ A'z + Cw) {(a ae y ~ (a2 + b2') cw +c?w?} 
(az+b2 +3 


Rw, 2) = 


and so 
wR (w, 2) = — wi Mu +A es TRO 
(az+ b7/ B+ (1-2-2) 
where L, M, N are polynomials in z and 2’ of degrees five, four, three respectively. 


102. When we have to deal with the case, in which there are a couple 
of algebraic functions w and w' given by two algebraic equations 


tw, Ww’, g, A) — 0, g (w, w, z, z) im 0, 


* See my Theory of Functions, § 399. 
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it is desirable to have a canonical form of the most general rational 
function; we shall prove that this canonical form is 


O (w, w’, Zz, 2’) 
(en) 


where © is a polynomial in w and w’, having rational functions of z and 2’ for 
its coefficients. 


Let f be of degree m in w and w’ combined, and g of degree n in w and w’ 
combined : that is to say, if w and w’ were Cartesian plane real coordinates, and 
if f=0 and g = 0 were loci in that w, w’ plane, f=0 and g=0 would be plane 
curves of degrees m and n respectively. Construct the w-eliminant of f and 
g by eliminating w’ between f= 0 and g = 0, and denote it by W; then from 
the ordinary processes of algebra, we know that 

W=Af+ Bg, 
where A is a polynomial in w of degree mn — m, and in w’ of degree n—1; Bis 
a polynomial in w of degree mn—n, and in w’ of degree m—1; and W, not 
containing w’, is of degree mn in w. Similarly, the w’-eliminant of f and g, 
obtained by eliminating w between f=0 and g=0, can be put into the form 
= Of + Dy, 
where W’ is of degree mn in w’ alone, and does not involve w. 

There are mn roots of W = 0, expressing each w as one of mn functions of 
z and z’; and there are likewise mn roots of W’=0. The mn combinations 
of one root of W=0 with one root of W’ = 0, which make 

f=9, g=0 
simultaneously, are called the congruous pairs: the combinations are deter- 
mined by the ordinary processes of algebra. The remaining mn (mn — 1) 
combinations of roots of W=0 and W’=0 are called the non-congruous 
pairs; they all satisfy A =0, where 
A=AD-—BC. 
Now take a congruous pair of roots, say w, and w,'; they satisfy f=0, 


g=0, W=0. We have 
W=Af+ Bg 


identically ; hence differentiating with respect to w and w’, and inserting the 
pair of congruous roots after differentiation, we have 


OW of lg 0 
bin ot Ol +Boe, UN ie ee 
Similarly we have : 
Ce ee ne 


Ow, a ow,’ ow, Ow, 
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Hence, for the congruous pair of roots, we have 


jew Pe ale ecg a pee a 
| Ow,” | a ae Ow, = Ow |’ 
| 
| OW’ | of og of og 
Nees 
Sve Ow, | | Cian i Ow,’ C ye Ne 
that is, , 
SUA J hg /)= Aw, 
OW, OU; Wy, Wy 


say, where A, is the value of A for the congruous pair of roots w, and wy’, 
and likewise for J,. 


Similarly for each congruous pair. 


Let our rational function of w, w’, z, 2’, which is to be expressed in a 
canonical form as stated, be denoted initially by R(w, w’, z, 2’); and let its 
value, for a congruous pair of roots w, and w,’, be denoted by Ay. Then, 
taking all the congruous pairs of roots, we have 


mn 
> w,” Rk, =a rational function of z and 2 


w=] 
= Ps (Z, Z), 
say ; the value of P, (z, z’) is obtainable by the usual processes of algebra ; and 
the result holds for all integer values of r, Hence, taking r = 0, 1,..., mn—1 
in succession, we have 
1% + R, S eC OnOOn Se J tiger = Jk 
Wy, Jase + W, R, ST eeleregrars + Winn Rann = ct 
ee Sis + wn is RL OGoOA SA Ne te = P mn—i+ 
These equations can be solved for the mn — 1 quantities R,, R,, ... which 


occur linearly. Proceeding as before in § 101, we find 
D (w,, 2, 2’) 
CMs 


dw, 


R= 


where ® is a polynomial in w,, having rational functions of z and 2’ for its 
. i . . , 
coefficients. Multiplying the denominator and the numerator by we 
Ww, 


have 

D (w,, 2, 2’) a 
OW oW’ 
Ow, dw,’ 

_ SW, 2, 2) 

“a0 Wa 


Ow, Ow,’ 


R= 
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where S is a polynomial in w, and w,’, having rational functions of z and 2’ for 
its coefficients. But 
ONC Wes 


Ow, Ow, 


Ji Ay; 


and therefore 
_ Sw, wy, 2,2) 1 


ae J, A 


Now 
ee 
is a symmetric function of w, and w,’,w, and w,’,..., the pairs of congruous 
roots; and it is therefore expressible as a rational function of z and 2’, say 
DAS eA (ee) 
Similarly 
Nas aN 

is a symmetric function of all the congruous pairs of roots other than the pair 
w, and w,; hence it is expressible as a polynomial function of w,, w,', having 
rational functions of z and 7 for its coefficients, say 


TN a see ve IE CDH Tier 9» 


Consequently 
iL 2 Q(w,; Wy , 4, Zz’) 
aa iM CAE Ae 
Hence ; 
Te S(w,,.0,, 2 2) QW, U4, 2, 2) 
ae IM EA Ag 
_ OM, Wr, 4% #) 


Ji 1 
on multiplying the polynomials S and Q, and absorbing the rational function 
T(z, 2) into the coefficients of the product. 


The same conclusion holds for every congruous pair of roots. We there- 
fore infer that every function, rational in the algebraic field of w, w’, z, z’, 
where w and w’ are given by algebraic equations 

fm, w, 2,2)=0, gw, w, z,2)=0, 
can be expressed in the form 
O (w, w’, 2, 2) 
J (£5) 
w, w'/ 
where © is polynomial in w and w’, having rational functions of z and 2’ for 
its coefficients. 


Modifications in the degree of © in w and of its degree in w’ may some- 
times be effected by the use of the equations f=0 and g=0. These 
modifications, when they are possible, do not affect the denominator J, and 
only give equivalent expressions for the polynomial ©; it is for this reason 
that the form is called canonical, even though the expression for ® may 
happen to be not unique. 
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Note. In establishing the preceding form for the rational function, two theorems 
concerning symmetric functions have been quoted. In actual practice, we can proceed 
as follows. 


Take 
t=\w4+Nwv ; 


eliminate w from f and g, so that they become 
Fit, w', 2, 2)=0, Git, w', 2, 7)=0, 
of the same degrees in ¢ and w’ combined as are f and g respectively. Eliminate w’ 
between /’=0 and G=0, so as to give an equation 
T=0, 

of degree mn in ¢, having rational functions (frequently polynomial functions) of z and 2’ 
for its coefficients. 

In the product AyAg...Ajn, We have symmetric functions of the congruous pairs of 
roots ; let such an one be 
1No 


> wy Wy Mes We!" Wo. Ary 


where the summation is over all the like terms obtained by permuting the congruous 
pairs in all possible ways. We then form the symmetric function of the roots of the 
equation 7=0 represented by 

3 ps iets) 
In its expression we select the coefficient of 


My +Mot... \/My+Ngt... 
NE 2 CO : 


and remove the multinomial numerical factor 


(m+)! (mgt)! 


my!ny! ~ mg! no! 


the result is the symmetric function required. 
Again, in the product Ag... Ann, we have symmetric functions of all the congruous 
pairs of roots except only the pair w, and w,. Let 
T=(t—t,) 7’, 


so that ft, ..., tm, are the roots of 7’’=0. The coefficients in 7’ are linear in the 
coefficients of 7’ and are polynomials in ¢,; thus, if 


is Oot” + 6, gmn-1 = A, pmm-2 +..., 
Ge A gin 1 = py pinn-2 uh ds gmn-3 Lt are : 


$1—-46,=0;, po—-tdi=Oo, ds—tide=45, ..., 


$1 =8,+6 9, 
po= 2+ t; 8; 0) + ty? Oo", 
hs = 83 + ty O20) +617 41 Oy? + £13 4)3, 


we have 


and therefore 


and so on. 


As was the case with A, A:...An,, Which is a sum of coefficients in a polynomial 
function of the coefficients of 7’ divided by a power of 6, so also the symmetric product 
Ay... Amn is a sum of coefficients of powers of A and Q’ in a polynomial function of the 
coefficients of 7” divided by a power of 4); that is, Ay... Am, is a polynomial function of 
a cuaaias of 7”, itself also polynomial in ¢, (that is, in w, and w,') divided by a power 
of A. 


These are the two theorems used. 
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Lx. F¥or particular equations, a given rational function is most easily discussed in an 
initial form, not in a canonical form ; it is for the general theory that a canonical form 
is required, as it includes all rational functions. We may however take an example, to 
shew the outline of the reduction to a canonical form; but the process is only an 
exercise in algebra. 


Let the two fundamental equations be 
f= -w8-A=0, g=u'?+w?-B=0, 

where A and B are given functions of z and 7 only. Their Jacobian J, on the omission of a 
factor 6, is 

J=wy (w+w’). 
We take the simple rational function 

Pe a 
w+’ 

where Z is any rational function of z and 2’; and we proceed to express it in a canonical 
form 

P (w, W, 4 2) 

alias 

where P is a polynomial in w and w’, having rational functions of z and 7’ for its 
coefficients. 


The W-eliminant of f and g is 


W=2u® —-2Aw'+ A?—-3Bu'+3B2v?-— B=0. 
Let 
w+Z=t; 
then the six values of ¢ are given by the equation 
2(t-—Z)®-—3B (t— Z)*-2A (t-Z)84+3B? (t - Z)?+ A?- BP=0. 
Let 
0=275—3B744+2AZ243B°Z"+ A2— Be, 


being the term independent of ¢ in the last equation ; then 


e ws — Z8 wr— Zt w+ Z3 we — Z2 
Pra SER abe w+Z ae wt+Z De wt+Z 


= 2? — 2Zwt + (22? — 3B) w? + (8BZ—- 2A - 22°) w? 
+(8B-3BZ4+2AZ+4 22") w+ 3BZ3 — 3BZ—-2AZ?-27° 


=, say. 
Consequently 


= = W, (Wy + wy) = (WY? + ww’) By. 
All terms in the right-hand side, which are of degree six and higher, can be removed by 
using the equation W,=0. These terms are 

Qu! + (2wy' — 2Z) wy. 
The term 22,7 is to be replaced by 
3 Bu + 2Aw,' — 3B? w,3 — (A? B) wy, 
and the terms (22,'’—2Z) w,° by 
(wy — Z) (3Buwt+2Aw)? — 3B? w?-— A? + By}. 

When these changes are made, let the expression for ; be 


Dy = po My? + pi Ur + poy + p37? + pV + prs 
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where the coefficients p are polynomial in w’, and are rational in z and Z. Then finally, 
es 5 
absorbing the rational function of z and 7 represented by — x into the coefficients of %,, 


we have 
LF LU OG 5 PI a Pa ae Peeters e) 
OPe 5 (2 wh + Plt 4 Bt aed 4 BE ot + BS an + , 


which is of the required type. 


Equivalent forms are obtained for the numerator by using the equations f=0, g=0. 


Integrals of algebraic functions. 


103. The development of the theory of integrals, whether single or double, 
of algebraic functions when there are two independent complex variables, 
owes its main foundations to Picard*. Here I shall only restate one or two 
of the simplest results for the case when there are two initial fundamental 
algebraic equations 

fw, w', z,2)=0, g(w, w’, z, 2) =9, 
defining two dependent variables w and w’ as algebraic functions of z and 2, 
the quantities f and g being polynomial in all their arguments. 


Writing 


yf og _ of og _ wey 
UT I Ow ow dow’ ow | te w')’ 
we have seen that any rational function of all the variables can be expressed 
in the form 
© (w, w’, 2, 2’) 
J(w,w) ? : 

where @(w, w’, z, 2’) is a polynomial in w and w’ having rational functions of 
z and 2’ for its coefficients. 


Accordingly, following Picard, we take our most general single integral 
of algebraic functions in the form 


EIEN 
J (w, w’) 
where Zand Z’ possess the same general form as the preceding function ®. 


Integrals of this form are said to be of the first kind when, on the analogy 
of Abelian integrals, they have no infinities anywhere in the whole field of 
variation. Picard proves+ that no integral of the first kind exists in 
connection with a single equation F'(w, z, z)=0, when this single equation 
is quite general; and he shewst that, when such an integral does exist in 
connection with a less general single equation I (w, 2, 2’)=0, the form of 


* A full and consecutive account of his researches is contained in his treatise already quoted. 
+ His treatise, vol. i, p. 113. ae Tas, Fos Ae 
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the subject of integration must satisfy special preliminary relations, even 
though these necessary relations are not of themselves sufficient to secure the 
existence of the integral. Here I shall proceed only so far as to obtain the 
corresponding necessary preliminary relations affecting the form of the 
subject of integration in the foregoing single integral, if it is to exist in 
connection with the two equations f=0, g=0. 


The quantities Z and Z’ are polynomial in w and w’; we proceed to shew 
that, if the integral is everywhere finite, they must be polynomial also in 
z and 2’, of limited order. The coefficients of the various combinations of 
powers of w and w’ are certainly rational functions of z and z’; let any such 
coefficient be 

S 2) 
ite (Az ye 


where & and S denote polynomials in z and 2’, and consider the integral 


(2a 
ae 


Assigning any parametric value to z, let 2’=c' be a zero of R(z, 2’) for that 
value of z. (If there is no such zero, ie., if R is a function of z only, the 
zeros of R would make the integral infinite: so that, for our purpose, R would 
then have to be constant). For that parametric value of z, let the subject of 
integration be expanded in powers of 2 —c’; then, whether 2’ =c’ does or 
does not give a zero value to J, the subject of integration is—for every set 
of values of w and w’—of the form 


A, A, 

(z’—c')8 Bi (7 — cj 
in the immediate vicinity of z’=c’, the positive integer s beng >1. The 
integral would be infinite at 2’ =c’, unless all the quantities A,, ..., A, vanish. 
These quantities involve the parametric value of z; they can only vanish for 
all parametric values by vanishing identically, that is, by having no powers 
of z’—c’ with negative indices. Hence the polynomial R (z, 2’), for any 
parametric value of z, can have no zero for a value of 2’. It thus cannot 
involve 2; we have seen that it cannot’ be a function of z alone; hence 
R(z,z') is a constant. The coefficient in question is a polynomial in 
z and Z. 


A : , 
ee hea + regular function of 2 —¢’, 


Similarly for every coefficient in either Z or Z' in the integrals 


Consequently the quantities Z and Z’ are polynomial in all four arguments 
w, w’, z, 2. And we know that J is polynomial in those four arguments. 

Next, as regards the limitations upon the orders of these polynomials 

Z and Z', we shall assume that f (w, w’, z, 2’) is a quite general polynomial 
12——2 
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of order m in the four arguments combined, and that g(w, w’, 2, Z)is a 
similar polynomial of order n. Then J is a polynomial of order m+n-— 2. 
It is easy to see, by an argument similar to the preceding argument, that 
integrals cannot be finite for infinite values of z and of 7, if the order of the 
polynomials Z and Z’ in all the four arguments combined is greater than 
m+n— 4. 

We therefore infer, as a first condition, that if the integral is to be finite 
at all places in the whole field of variation, Z and Z’ must be polynomial in 
all the four variables of order < m+n—4, when / is the most general poly- 
nomial of order m and g is the most general polynomial of order n. 


104. The independent variables for the integrals have been taken to be z 
and z’; but any two of the variables may thus be chosen, and the integral must 
still remain finite. We proceed to give the corresponding and equivalent 
expressions. We have 


iar JE dw’ + ae Fels dz =0, 
Ow 0z 0z 


Ow’ 
og 9 4 OY OG 4 r 
ap Cw + a dw + ar de + x de'=0, 


so that, on the elimination of dw’, dw, dz, dz’ in turn, 
J (wu, w’) dw + J (z, w’)dz +J (2, w’) dz’ =0, 
J (w', w) dw’+ J (z, w )dz +J (2, w)dz’ =0, 
J (w, z)dwt+J (w’, z)dw’+ J (z, z )dz’ =0, 
J (w, 2 )dw+Jd (w’,2’)dw'+ J (z, 2’) dz =0. 
Using the first of these relations to substitute dw for dz’ in the differential 
element, we have 
“dz —Zide_ Adz | Z a; 
J(w,w)  . J(w,w') Sw, w') J (2, w')' ( 
aes: Zdw im Lis (2, w')+ ZI (2, w’) Be 
J (2, w’) J(w,w)S(Z,w) 
The differential element now is to be 
Wdz— Zdw 
YC a 
where W is a polynomial in all the four variables; we therefore take 
45 (2, w)+ ZI (z, w') + WI (w, w’) =0. 
Similarly, when we make z and w’ the independent variables, the differential 
element of the integral of the first kind is 
Zdw! — W'dz 
Jd wy * 


w, w’)dw+ J (z, w') dz} 
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where W’ is a polynomial in all the four variables, and 
LJ (2, w) + ZI (Z, w) + W'S (w’, w) =0. 


In the same way, we can take any pair out of the four as the independent 
variables, and thus obtain six expressions in all for the subject of integration. 
The six expressions are 


Ldz — Z'dz Wdz— Zdw Z'dw — Wdz’ 


J (w, w’) ’ J(Z,w) ’ oA CA as 
Zdw'—W'dz W'dw—-Wdw' W'dz—Z'dw. 
INE ns SZ Ay ee J (z, w) 


and the relations connecting the polynomials are 
ZI (2, w)+ ZI (z, w')+ WI (wv, w’) =0, 
LJ (2, w)+Z'I (Z, w) + W'S (w’, w) = 
ZI (Z, 2) + WS (w, z) + WS (w’, z) =0, 
LJ (2,2)+ Wd (wu, 2) + WT (w’, 2’) =0, 
which are always subject to the two fundamental equations 


f=9, g=0, 


and are equivalent to only two independent equations. Writing 


M= IS GN EE, wf, 


0z dont ow’’ 
N= 28 4 7! 9. wy 4 ee 
Oz ow 


we can express the first of the four equations in the form 


(u-w 2) 2 -(w- ue Cie 


ow ow’ 
that 1s, 


The others similarly give 
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The fundamental equations f=0 and g=0 are independent of one another ; 
hence we must have 


M=0; N=0, 
that is, the polynomials Z, Z’, W, W’ are such that 


of OF og OF 
ee el 


wolaw 
ow 


09 | wr OO yg 
Lie oli ee Z~ +f 57=0. 
But these equations are not satisfied necessarily as identities; they need only 
be satisfied in virtue of the permanent equations 


f=, g=9. 


These relations impose limitations upon the forms of the polynomials 
Z, Z', W, W’, which occur in the differential element of an integral of the 
first kind. 


105. Limitations arise from two other causes. The first of these causes lies 
in the requirement that the condition of exact integrability shall be satisfied. 
As regards this condition, we shall take it for one of the forms of the integral, 
and shall reduce it to an expression symmetrical in all the variables. 


The condition, that 
Ld? —Z'dz 
J (wu, w’) 
shall be a perfect differential, is 


° (5) i Fe (5) ae 


Now since 
cine of ow. of Ow’ 0 
0c Owoz | dw’ oz” 
ag : dg ow . dg dw’ . 
dz Gwos ow’ oz” 
we have 


J (w, w’) ee Ww y=, 


and similarly 


J (w', we +J(z,w)=0; 


Me / , 16 ‘ 
J (w, w') 5 + T(2, 0") =0, Fw’, wy a Te, w= 0, 


105) LIMITATIONS 183 


The condition of integrability is therefore 


oZ af’ 0Z ns) nar ee 
sali +=) Shea 


a , 
Bd ¥ 


files w’) P. J (z, w’) CB (w, w’) J (z, w) Ww) oJ (w, w = 
0z J(w,w’) dw J(w,w) dw’ 

gz’ jad (w, w)  JS(z, w') od (w, w’) 7s J (2, w) oJ (w, w’)) _ 0: 
| oz J(w,w') dw J(w,w) dw’ bey 


and it suffices that this condition should be satisfied in virtue of the governing 


equations f= 0 and g =0. 
Now, for appropriate polynomials A and B, we have 
ZI (2z,w)+Z'S (2, w') + WI (wu, w’)= Af + Bg, 


identically ; and so for our purpose, where the governing equations persist, 
we can take 


OW aL T(z, wu’) OZ’ T(z, w) Z aszw) 2 a (¢, w’) 


Ow dwd(w,w) dw J(w,w) J(u, w’) ow Su, w’) ow 


A w)y+ Zid (z, w') od (w, w’) A Hen Bog 
J? (w, w’) ow J (w, w’) dw” SJ (w, w’) dw’ 


the omitted terms vanishing in virtue of f= 0 and g =0. 
Similarly, for appropriate polynomials C and D, we have 
LJ (2, w) + ZI (2, w) — W'S (w, w’) = Cf + Dg; 
and we similarly infer the corresponding relation 


OW’ 04 J(z, w) & J (z, w) Lea od (Zz, w) re Z od (z’, w) 


Ow dw’ S(w, w) Ow" J(w,w') dw’ J(w,w') dw’ 
_ 4d (4, w) + Z'd (Z, w) od (w, w') | C of EDT eg 
J?(w, w') ow  JS(w,w)ow J(u, w) ow’ 


the omitted terms vanishing for the same reason as before. 


Also we have 


od (w, w’) ie OJ (w’, 2) a oJ (2, w) ae 
0z ow ow 
identically, together with three similar relations by omitting z, w, w’ in turn 


from the set of four variables. Moreover 


J (z, w) J (2, w') + S(z, w) Iw’, 2) + I (w, w) J (2, 2) = 0, 
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also identically. Using the foregoing relations, we have 


a% oz’ ow aw" _ , af af _ ny og! 
oe wes + a7 + Ow aor eee PaO Bark ean 


os (w, w’) 4 od, Ww) a od (w’, 2)) 


0z ow’ ow 
, (od (w, w') od (2, w) OS (w', 2) _ 0 
Oz’ ow" ow (max 


that is, the relation 


Ofe04.0W OW. « ih of og ES of so 
az | be * Ow Ow I (um, mis Bie i me ed 
is satisfied in connection with the governing equations 
f=9, g=0. 


‘Now we know that, in virtue of the governing equations, the quantities 
of og 
=Z An? =Z S 


vanish; hence polynomials /’, H, H, G (any one or more of which may be 
zero) exist such that the equations 


ee BET = = Ff+ Eg, 


09 . y Og Oa od 
Za 44 a t Wat Wa = Aft Gg, 


are satisfied identically. These equations give 


ALO DME SARE RI AROS (F Go es ae (x 7 _ ¢ a) P 


ow" ow" ow" 
satisfied identically. But the left-hand side is identically equal to 
Af+ Bg; 
hence, subject to the governing equations, we must have 
ag of KY of 
ds ei Ow"? Bee ar a ane 


Similarly, subject to the governing equations, we have 


an og H of pm og of 
oe ow ow’ es ow ak Ow * 
Consequently 


sh 0 an =FJ(u,w'), B one 
w 


ow’ ow 


always subject to the governing equations f= 0, g = 9. 


= GJ (w, w'), 
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Thus the equations become 


Sip ph pF _ 
Za tax, + We + Waa Eft Eg 


02’ ow’ 


0z 


WA “i 02’ ow OW’ 
Oz CA a ow ‘3 ow’ 


og , Og og OD ey, | 
4X +4 GUAT Glee Gulag ge ae 


=F+G | 


The first two of these equations are satisfied identically; the third only 
needs to be satisfied in connection with f=0, g=0. 


They are the extension of Picard’s equations* which are given for the 
case when there is only a single equation 


F(w, 2, 2) = 9. 
Picard’s equations are derived from the foregoing set, by taking 
g=w' =0 
as the second of our fundamental equations, together with 
WY wee O58 Ae =a) Ed = On == () 
and then, owing to the order of F, the third of the equations is satisfied 
identically. 


It thus appears that, when there are two equations f=0 and g=0, the 
exact differential can be presented in six forms; that four quantities 
Z, Z', W, W’, each polynomial in all the four variables, occur in these forms ; 
and that there are other four polynomials Z, F’, G, H, such that the foregoing 
three equations exist, the first two being satisfied identically, while the third 
only needs to be satisfied concurrently with the governing equations f=0 
and g=0. 


106. It can easily be seen that, when f=0 is a quite general equation 
of order m and g=0 is a quite general equation of order n, the conditions 
required cannot be satisfied. 


Let NV (p) denote the number of terms in the most general polynomial, 
which is of order p in w, w’, z, 2’, so that 


N (p) = xg (p +1) (p + 2) (p+ 8) (p +4). 


We have seen (§ 102) that the polynomial Z, which (§ 103) can be of order 
m+n—4, is subject to modification by use of the equations f= 0 and g=0: 


Utes, te is chevy sg 4: 
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that is, it is subject to an additive quantity Af+ Bg, where A and B are quite 
general polynomials of orders n — 4and m— 4 respectively. Hence the number 
of disposable constants in Z effectively is 


N(m+n—4)—N(m -4)— N (n—4). 
Similarly as regards Z’, W, W’. 

Again, ZL, F, G, H are polynomials of order < 2m — 5, m+n—5, m+n — 5; 
2n—5 respectively. The expression #f+ Hg is unaltered by changing F 
into F+Jg and E into H—Jf, where J is a quite general polynomial of 
order m—5; hence the number of disposable constants in F and # together 1s 

N(m+n—5)+ N (2m —5) — N(m-—5). 
Similarly the number of disposable constants in G and H together is 


N(m+n—5)+ N(2Qn—5) — N(n—5). 


The modifications in F and @ do not affect the third condition, which 
has to be satisfied only concurrently with f=0 and g=0. Thus the total 
number of disposable constants is 


4 {N(m+n—4) — N(m— 4) — N(n- 4)} 
+ N(m+n—5) + N(2m—5) — N(m—5) 
+N(m+n—5) + N(2n-—5) — N(n—5). 

The number of conditions to be satisfied in connection with the first 
identity is V(2m+n—5), and the number in connection with the second 
identity is V(m+2n—5). The third relation, which affects the polynomials 
F and G, only needs to be satisfied subject to the equations f= 0 and g =0; 
that is, subject to an additive quantity Cf+ Dg on the right-hand side, where 


Cand D are quite general polynomials of order n — 5 and m —5 respectively ; 
consequently, the third relation requires 


N(m+n—5) —- N(n—5)—N(m—5) 

conditions. Thus the total number of conditions is 

N (2m +n—5)+ N(m+ 2n-—5) + N(m4+n-5) — N(n—5) — N(m—5). 

The excess of the number of conditions to be satisfied, above the number 

of disposable constants, is 

N (2m+n—5) + N(m+2n—5) + N(m+n—5) — N(n—5) — N(m—5) 

—4{N(m+n—4) — N(m—4) — N(n—4)} 
—(|V(m+n—5) + N(Qm—5) — N(m—5)} 
—{N(m+n—5) + N(Qn—5) — N(n—5)}. 
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When the values of the different numbers V are inserted, this excess is easily 
found to be 


gz mn {20 (m —1)(m—2) + 18 (m —1) (n — 1) + 20 (nm — 1) (n— 2) + 24} — 1, 


which manifestly is positive when m>1 andn>1. Accordingly, in general, 
the relations cannot be satisfied by the disposable constants, and so we infer 
the result :— 


When f=0 and g =0 are quite general equations, no single integral of the 
first kind connected with them eaists: a result which obviously corresponds 
to the theorem of Picard already (§ 103) mentioned. 


It follows that, if an integral of the first kind is to exist in connection 
with two equations f=0 and g=0, these equations must have special 
forms. 


Ez. Shew that all the preceding conditions for the existence of an integral of the first 
kind, in connection with the equations 
= 02+ bw+ cfd + dw +ew' 2 + fu? + guu'z+hww' =0 
ry b 
ga=ad +b'u'+ e222 +d'w'ed + ew? + f'w%z+ gwd + h'ww?=0, 
where the coefficients a, ..., A, a’, ..., A’ are constants, are satisfied when 


L=o Ll ——6) Wl Wi a 


107. The second class of conditions, mentioned at the beginning of 
§ 105 as required to be satisfied in order that the single integral may be 
everywhere finite, depends upon the places where we have 


F(LE\ <0 
w, w’ ) 
which is not an identity, simultaneously with 

F=0;" 9¢=0. 

As already indicated (§ 103), I do not propose here to enter upon any 
discussion of these conditions. The discussion will be difficult, but it is of 
supreme importance as regards even the existence of these integrals of the 
first order, as well as for all other single integrals. It can be initiated 
analytically on the lines of Picard’s investigations in his treatise already 
quoted. It will involve the algebraical singularities of w and w’ as algebraic 
functions defined by the two fundamental equations. 


Double Integrals. 


108. The discussion of double integrals follows a different trend. There 
is no limitation corresponding to the condition that must be fulfilled if the 
element of the integral is to be a complete differential element, as in 
§ 105. 
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We have seen (§ 102) that, when two algebraic functions of z and 2’ are 
simultaneously given by two algebraic equations 


faflw,w’,22)=0, g=glww', 2, 2)=0, 


the most general rational function of the variables can be expressed in the 
form 
0 (w, w’, 2, 2’) 


uy & 
where ® is a polynomial in w and w’, the coefficients in this polynomial 


being rational functions of z and z’. Thus the typical double integral, con- 
nected with the algebraical equations f=0 and g = 0, is of the form 


OU We) a7 
ry 
w, w 
the integration extends over a two-fold continuum. To express the integral 
more definitely, we take z and 2’ as functions of two real variables p and q, 
as in §95; and then the expression of the integral becomes 


O(w, v4 2) (42) 4 
ey 


/ 
w, Ww 


where the integration can be regarded as extending over an area in the 
p,q plane, limited initially by a fixed curve (or curves) in that plane and 
finally by a variable curve (or curves) in that plane. The simplest case 
arises, when we have a single simple closed curve as the fixed initial limit and 
a single simple closed curve as the variable final limit. 


The first form of the preceding definition takes z and z’ as the independent 
variables for integration. As we have already suggested that it. may be 
convenient to take any two of the four variables as the independent variables 
for integration, we proceed to give the equivalent forms. 


For this purpose we assume that, in order to express the quantities 
w, w’, 2, 2’ in terms of real variables p and q, we take two algebraic equations 


P=F (wu, w',z,2,7,g=90, 4G=G(u, w’, z, 2, p, g) =, 


forms which will prove useful in attempting an extension of Abel’s theorem 
for the sum of any number of algebraic integrals of a single variable. The 
simultaneous roots of the four equations 


F=9, g =9, f=, G= 0; 
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are functions of p and q; so we have 


OF ow oF ow oF dz OF oe OF 


Lorn Sp dw! op * Be Op * 37 Op + Op’ 
_ 0G Ow OG dw’ | 0Gdz dG az’ AG 
Ow dp dw’ dp dz dp ' dz’ Op ap’ 

oa F ow, af ow Of Oz , Of oe 


ow Op dw’ dp Tae Op dz’ dp’ 
_ 0g ow og ow | og oa Oz in ag G2! 
“dw dp | dw’ dp | dz op dz’ Op’ 
and therefore 


(APL G, f, seg) 4 7 (EES) 0 
Zz, 2,w,w'/ O oie w,w ‘ 
7 (Spee) & J (2 ELI) 0, 
z,2,w,w'/ Op Pp, %,W,w 
Similarly 
J (Fee) as (APES) =o 
Z,2,W,w/ 0 Ge Ww, w : 
si) ee tieaen 2 G, L$) 0. 
z,2,w,w/ og q, 2, W, Ww 


Now, by the properties of determinants, we have 


i Canep - Gere ma Gees s @ mad (ae : ); 


r(i#\a—7 (£8) 7 (2S), 


hence 


and therefore 
saat capa say 
7 (£2) a P4 a (a G, 9) P»4 
w,w Z, 2, W, W 
The right-hand side is symmetrical, save as to signs, for the four variables 
z, 2, W, w’; hence it is equal to each of the six expressions 


Fs) oe le Grge esa 2 ed reg ek 
ee Ga Ga) Ge)? a eae ae 


Accordingly, when the variables of integration in the double integral are 
taken to be p and q, there are six equivalent expressions of the integral ; 


one of them is the form first taken, and the other five are similarly constructed 
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from a comparison of the six foregoing quantities; and each of the six 
expressions so obtained is (save as to sign) equal to the double integral * 

© (w, w’, Z, 2’) (= 2) 

———__—— / dpdq. 

J e Cy) en ian 


Z,2,W, w') 


Double integrals of algebraic functions may be divided into various 
classes, following the analogy of the division of simple integrals of algebraic 
functions of a single variable; but the analogy is little more than a sug- 
gestion, because (as has been seen in Chap, IV) a definite infinity of a function 
of two variables can be a one-fold continuum in the immediate vicinity of 
any one definite place of infinite value, and because unessential singularities 
(when the term is used in the sense defined in § 58) have no limited analogue 
even in the case of uniform functions of only a single variable. One class, how- 
ever, survives naturally in spite of the deficiencies in the analogy; it is 
composed of those integrals of algebraic functions which never acquire an 
infinite value, no matter how the two-fold continuum of integration is 
deformed. Such integrals are formally styled double integrals of the first 
kind. 


109. The conditions, which must be satisfied by the double integral of 
an algebraic function connected with two given algebraic functions if it is to 
be of the first kind, are of four categories, according to the character of a 
place z, 2’ in relation to the subject of integration; and the four categories 
can be grouped in two pairs. 

It is manifest that a finite place z, 2’, which is ordinary for the equations 
f=0 and g=0, and is also ordinary for the subject of integration, cannot give 
rise to an infinity of the integral. For near such a place w=o, w' =a’, 
z=a, 2’=a’, we have 

w=at+W, w=a4+W’, z=at+Z, g=a+TZ'; 


* This integral can also be expressed in the form 


exces 2 pe 
a, 5S, 9 
(; Ue oh) 


which is the natural extension of the single integral 


ee 
J (2 £) 
z,w 
The latter integral is fundamental in one of the proofs of Abel’s theorem for the sum of a 


number of integrals 
R (w, 2) 
Ow 


when the upper limits of the integrals are given by the simultaneous roots of a permanent 
algebraic equation f (w, z)=0 and a parametric algebraic equation ¢(w, z)=0. 
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the equations f= 0, g =0, then give relations of the form 
W=(4, 2), 4(Z, Boyes 
WZ (2, 2) te ay 
and no one of the quantities 
‘af of af afl 
|| dew? dw’? dz’ aa || 
| 0g ag © Yegaindg } 
Ow. cu >. <0275 02’ | 


{ 


vanishes at a,a’,a, a’. As the place is ordinary also for © (w, w’, z, 2’), the 


form of 
0 (w, w’, 4, Zs) 


Ee) 
w,w 
in the vicinity of the place becomes 
+O (4, 2) +O.(Z, 2) +... 
EES ORI AEE UAT AG: ee 
and so. the integral, in the vicinity of the place, becomes equal to 
| ®, + 9, (Z, Z') + O2(Z, Z') +... 
JI Ith (ZZ) +d (ZZ) +... 


which is finite at the place and in its immediate vicinity*. 


dZdZ’, 


In the first category, there are the conditions to be satisfied at a place 
z, 2, which is ordinary for the equations f=0, g =0, but is not ordinary for 
the subject of integration, In the second category occur the conditions that 
must be satisfied for infinite values of z and z’, when these constitute ordinary 
places for the equations f=0 and g=0. These two categories form one 
group, containing all the conditions which arise in connection with all the 
ordinary places of the two fundamental equations. 


In the third category occur the conditions that must be satisfied at a 
non-ordinary finite place of the two fundamental equations; all such non- 
ordinary places are such as to satisfy some one or more than one of the six 


Jacobian equations 
(CSR 
1 (Geha))-* 


w,w 2, 2// 


concurrently with the fundamental equations themselves. In the fourth 
category occur the conditions that must be satisfied for infinite values 
of z and z when these constitute non-ordinary places for the equations 
f=0 and g=0. These two categories form one group, containing all the 


* The symbols (7, Z’),, 9, (Z, Z’), J; (Z, Z’) denote the aggregate of terms of the first order ; 
the symbols (Z, Z’)2, Q(Z, Z’), Jo(Z, Z’) denote the aggregate of terms of the second order ; 
and so on, 
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conditions which arise in connection with all the non-ordinary places of 
the two fundamental equations. 


110. As regards the first of these categories of places which, while 
ordinary finite places for the equations f=0 and g =0, provide an infinite 
value for the subject of integration, this infinite value can arise only through 
the coefficients of the powers of w and w' in the polynomial ©. These 
coefficients are rational functions of z and z’. If then the double integral 
is not to have an infinity, the existence of these rational functions of z and 2’ 
must not compel such an infinity. Accordingly, the rational functions of z 
and z must be integral functions: that is, they must be polynomials in 
zand z’. Thus 0 (w, w’, z, 2’) becomes a polynomial in all its four arguments ; 
consequently, as a first condition that our double integral may be everywhere 
finite, it follows that the quantity © (wu, w’, z, 2’) must be a polynomial in the 
four variables w, w’, 2, 2’. 


The similar consideration of the second category of places, constituted of 
infinite places (supposed ordinary) for f=0 and g =0, leads to a limitation 
upon the order of the polynomial © (w, w’, z, 2’) if the double integral is to be 
not infinite for such places. For simplicity, suppose that f and g are quite 
general polynomials of aggregate orders m and n respectively, so that we 
may take 

fa=(eu, w, 22,1)" g=(«*hw, w’, 2 2, 1)" 
Then 
1) = ay y m+n—2 
J (20) = (eth, WD Ppae LV) » 


in the quite general case. In order that the double integral may be not 
infinite for infinite values of z and 2’, the order of 


0 (w, w’, 2, 2’) 
ie 
w, w 
must be equal to, or be less than, —- 3; and therefore the aggregate order of 
the polynomial © (w, w’, z, 2’) must be not greater than m+n—5. Thus in 
order that the double integral may remain finite for infinite values of z and 
z’, when these are ordinary places of f= 0 and g=0, the aggregate order of 


the polynomial ® (w, w’, z, 2’) must be <m+n—5, where m and n denote the 
respective aggregate orders of f and g. 


‘As regards the second group of conditions indicated above, they are 
concerned with the places where the equations 


'=0, g=0, J (24) = 

si 7 manila: 

are simultaneously satisfied. Their discussion will involve the consideration 
of the singularities of w and w’ as algebraic functions of the variables. As 
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before for single integrals (§ 107), so here for double integrals, the whole 
subject is left for investigation; a beginning can be made on the lines of 
Picard’s discussion of the matter when there is only a single equation f=0 
defining a single algebraic function*. 


111. It is possible to obtain an extension of Abel’s theorem for the sum 
of a number of integrals of algebraic functions of a single variable, by con- 
structing an expression for the sum of a number of double integrals of the 


type 
O (w, w’, 2, aye 
j (£5) 
w,w 
where f and g are polynomials of aggregate orders m and n respectively. 
We shall assume that the aggregate order of the polynomial © is not 
greater than m+n-—5. 


As before (§ 108), we define w, w’, z, 2 as functions of two real variables 
p and q by means of the permanent equations 
i(w,w, 2, 2)=0, 9g (wre, 2)2)=0, 
and associated parametric equations 
EF (w,w,2,2,0,q=90, Giw, w,% 7,07,9q)=9; 


and we shall assume that #’ and G are quite general polynomials in w, w’, z, 2’, 
of aggregate orders k& and / respectively. As these are four algebraical 
equations in w, w’, 2, 2’, of orders m, n, k, | respectively, they determine klmn 
(= ») sets of roots, each root in each set of roots being a function of p and q. 
Denoting any such set by w,, w,’, 2, 2, the double integral can as before 
be transformed to 

3) es uns 2s oe) A (es en 

ee P4 

Bois Bu 9 tls tlle 

or, if we write 


©, = @ (wy, ty, Br, 27) T ( 


pag (Po Gabe a), 


/ 
By Zp, Wy, Wr , 


P,, =f) SID (wy, W, Sr; Zr), 
Di 


so that ® is a polynomial of aggregate order <k+/+m-+n-—5, the integral 
(for this set of roots) becomes 
®, 
[f7iarea 


We assume the integral taken over any finite simple closed region in the 


p, q plane. 


Sich mba, Ces Vil, 


F. 13 
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Let W denote the result of eliminating w’, z, 2 between f=0, g =0, 
F=0, G=0; the quantities w, ..., w, are the roots of W=0. The theory 
of elimination shews that we have a relation of the form 


W=Kf+lg+ MF + NG. 


Similarly, eliminating w, z, 2’, and denoting the eliminant by W’, we have a 
relation of the form 


W =K'f+L'g+ MF+N'G, 


and the quantities w,’, ..., wy’ are the roots of W’=0. Likewise eliminating 
w,w', 2, and w, w’,z in turn, and denoting the respective eliminants by Z and 
Z', we have relations of the form 


ZL=Pf+Q9+ RF + 8G, 

Z=P'S+QVGt+ RF+ASG; 
the quantities 2, ..., 2, are the roots of Z=0, and the quantities z,, ..., 2,’ 
are the roots of Z’=0, And the quantities K, LZ, M, N, K’, L’, M’, N’, 


P,Q BR, S, P’, Q’, B’, S’ are polynomials of the respective appropriate 
orders. In particular, if we write 


Ded Bo oD eee vee 
HG AE ye 
PRROE Te aS 
Le DO a Tb ae ie | 
A is a polynomial of aggregate order 
(mnpqg —m) + (mnpg — n) + (mnpq —k) + (mnpq — 1), 
=4u—-m—n—k—l. 


The simultaneous combinations w,, w,’, 2,, 2,’ (for r=1, ..., w) are the simul- 
taneous roots of 


f=0, g=0, F=0, G=0; 


these we call the congruous roots. All other combinations of the roots of 
W=0, W’=0, Z=0, Z’ =0, are called non-congruous roots; they are not 
simultaneous roots of f=0,g7=0, #=0, G=0; but, for each such combina- 
tion, we have 


A=0, 


For the sake of simplicity, we shall assume that each of the roots of 
W=0, W'=0, 2=0, 27 =0, is simple: 


Now consider the quantity 


I aa 
WW'ZZ’ 
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It can be expressed in a partial-fraction series of the form 


A rv 88" 


(w oa W,) (w’ i w'y) (2 7 2s) (Z a Z'y) 


papa pays 


the summation being for r, 7’, s, s’, = 1, ..., w, independently of one another ; 
and 
P (W,, W x, Zs5 zy) Avs 

OW OW’ 0Z AZ’ 

OW, OW» O25 02’ 9 


A r"s3i 


When r= r =s =s’, we can denote the coefficient A by A,; then 
aa ®,A, 
~ OW aw’ 04 OZ" 

OW, OWy OZ, O2y. 


A, 


Unless all the equalities r =7’=s=s' are satisfied, we have 

Doves =- 0, 
so that all the coefficients A other than A,, for r=1,..., uw, vanish. Thus 
we have the identity 


D(w, w,2, 2) A _ g _A, 
WW'LZ' 9a (W —w,) (Ww — wy) (2 —2;) (2 — Zp)’ 


Let both sides be expanded in ascending powers of 1/w, 1/w’, 1/z, 1/2’. On 
the left-hand side, the index of the term of highest order in w, w’, z, 2’ in the 
numerator is 

<k+l+imt+n—5+4+(4u—-—m—n—k-l) 


<4 — 5; 


the index of the term of highest order in w, w’, z, 2’ in the denominator is 
4; hence the index of the first term in the expansion <5. On the right- 
hand side, the index of the first term in the expansion is — 4, and its 
coefficient 1s 

5 

Day he 

r=1 
No such term can occur in the left-hand side under the assigned conditions ; 
hence 


that is, 
£ A; 
.210W OW’ 0Z 02" 


OW, OW, OZp O2y. 


= (), 
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From the expression for W, we have 
OW | of og or 6G 
Ow, Pe ow, ” Ow, Barrie 
0=K, = ot Ly og +M, ane. qe Sig 
Ow, Ow, Ow, 
Yi of og oF 0G 
O=K, a oF a + HM, az, gree 
of og or 0G | 
0= Kx 3+ Lis a oa Nea 


and similarly from the expressions for W’, Z, Z’. Thus 


ot Se Ora a 
Ow, 
ow’ 
0 > Ow, ) > 0 
A 
ives ne ae 0 
ia Caen 
OZ, 
of 0g oF aG | 
im r ‘ ; 
Se) eens OW,’ OWr? OW,’ Ow, |” 
| ; 
UGE d bee Wi Ve | af a > oe > oo 
Ow,’ Ow,’ dw,’ dw, | 
| of og oF eG! 
| Jer > Q, > Re, S, 02, OZ» > 02. 5) OZ» 
: : } hi of og oF oG | 
kaants > Y > r eee? Bis c 
| On By aS Set Seaaligante pee | 
that. is, 
oW oW’ WA Ca J 


dw, Ow,’ 02, a,c 


Consequently, we have 


and therefore 


when the double integration is taken over any simple closed region in the 
plane of the real variables p, q. 
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This is a restricted extension of a part of Abel’s general theorem on the 
sum of integrals. The result is true, even if the integral 


mad) 
|[5 waa 


is not everywhere finite, that is, if the integral is not of the first kind*. The 
conditions, which have been imposed upon the integral, are that it is to be 
finite for all places which are ordinary for the equations f=0, g=0, all 
infinite places being supposed included among these ordinary places. 


* It should be added that, by a different method, Picard (1. c., t. i, p. 190) obtains this 
extension for double integrals of the first kind (that is, integrals which are everywhere finite) 
when there is a single fundamental equation f (w, z, z’)=0. 


CHAPTER VII 


LEVEL PLACES OF Two UNIFORM FUNCTIONS 


112. HuTHERTO, save for rare exceptions, only individual functions of two 
variables have been considered at any one time; and we have seen that there 
exist continuous aggregates of places where a function has an assigned level 
value or a zero value. This property precludes us from establishing definite 
relations of inversion between a single function of more than one variable 
and the variables of that function. Such relations are highly important in 
various branches of the theory of functions of a single variable; they are no 
less important when functions involve several independent variables. To 
establish them, it is necessary to have as many functions, independent of one 
another, as there are variables; and therefore, for the present purpose, we 
shall consider two independent functions of z and z’. Moreover, quite apart 
from reasons that make inversion a possible necessity, we have seen that it is 
desirable to consider simultaneously two independent functions of z and 2. 


We still shall limit ourselves throughout to uniform analytic functions ; 
and we shall begin with the discussion of the relations between two functions 
that are regular everywhere in the finite part of the field of variation. As 
we know, every such function can be expressed as a series of positive integral 
powers of z and z’, which (if an infinite series) converges absolutely for finite 
values of |z| and |z’, and has all its essential singularities outside the finite 
part of the field of variation. We know (§ 53) that such a function must 
possess zeros somewhere in the field of variation; but it may happen that the 
zeros do not occur in the finite part of the field*, and then they occur at the 
essential singularities. 


We proceed to establish the following theorem :— 


Two independent functions, regular throughout the finite part of the 


field of variation, vanish simultaneously at some place or places within the 
whole field. 


* For example, the function e*+*’ cannot vanish for finite values of z and of z’; all its zeros, 


a continuous aggregate, occur for those values of z and z’ which make the real part of z+2' 
negative and infinite. \ 
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113. Let the two functions, everywhere regular, be denoted by f(z, 2’) 
and g(z, z); and let a, a’ be any place in the finite part of the whole field of 
variation for z and z. In view of the proposition to be established, it is 
reasonable to assume that neither f(z, 2’) nor g (z, 2) vanishes at a, a’; if 
both should vanish at a, a’, the proposition needs no proof; if one of them 
should vanish at a, a’, but not the other, the following proof will be found 
to cover the case. 


We consider the immediate vicinity of a, a’, and take 
Z=at+u, 2#=a +w. 
Because f(z, 2’) and g (z, 2’) are regular everywhere in the finite part of the 
field of variation, we have expressions for them in the form 
f(z, Z)=f (a, @) + y(U, W)m + (UY, UW) mga t+, 
9 (4 Z)=9 (a, W) + LU, U)at (4, U)nit..., 


where ;(u, w’),, represents the aggregate of terms of combined dimension m 
in u and w’ as contained in the power-series for /; and similarly for the other 
homogeneous sets of terms in f, and for the homogeneous sets of terms in g. 
In the simplest cases, the integer m is unity and the integer n is unity; in 
all cases, both the positive integers m and n are finite. 


When m=1 and n=1, the quantities 
7%, ww), g(t, uw’), 


are usually independent linear combinations of w and w’; their determinant is 


the value, at a, a’, of 
J (£9) 


Leper 


which does not vanish everywhere, because the functions f and g are inde- 
pendent. Ifit should happen that J vanishes at a, a’, so that there 


OF Oy FO 
Cb 08) 00. Oa 


then we have . 
fiatuat+w)—f(a,v) =(uw)t..., 
fatudt+u)—-flaav)—«{g(atuad+u)—9 (4, v)} =u) t --., 
where the first set of terms ,(u, wu’), is of order higher than the first set 
7(u, uw), and usually is not the square of ;(u, w’);. If, however, 


A fylue wo} = Lye, wo} 
where 2X is a constant, then we should take a new combination 
flatuadtu)-f(a,a)—« {g(atu,a+w)—-gla,e)} 
—A{f(atu, a +u')—f(a, a’). 
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Similarly for other cases. 

We proceed until, at some stage, we obtain two series in wu and wu, 
such that the lowest set of terms in one series cannot be expressed solely by 
means of the lowest set of terms in the other series; and this stage is 
attained after steps that are finite in number, because 


(e9 


Le 


does not vanish identically. 


Similarly, if m is greater than unity and n=1; and if m=1, while n is 
greater than unity; and if both m and n are greater than unity. In each 
case, we obtain a couple of series, the aggregate of terms of lowest dimensions 
in the two series not being expressible solely in terms of one another. And 
then, because of this independence, the equations 


A = (U, ary B= gt; in 


where A and B are assigned quantities independent of u and w’, determine a 
limited number of values of wu and wu’. In particular, let J be the greatest 
common measure of m and n, and write 


m=pl, n=vl; 
and let # be the eliminant of ,(u, uw’), and g(u, w’),, so that 
1 EW) Fear Ser dee ome a 
Then the equation giving values of w is 
(Ging Con™ + . i) ype + eee + {(— Aga) bat 2 (- Bara}! => 0, 


and therefore, if 
A=xnP™=nP! B=\P®*=rvAP"% 


each value of wu is of the type 
U=kP- 


or, for sufficiently small values of | w|, | A |, | w’ 


, |B], and so of | P|, we have 
u=kP, w=kP, 
where |X| and |k’| are finite, while some of the quantities k and k’ can be 


zero. Manifestly, 
k= (hk, hm, N=G(k, kn; 


and, in general, we shall have 


u=kP+k,P?+ mee 
w= P+h Pi +.,.J? 
from the relations 
A = (U, Um + p(y WY + oe 
B ae g(t, W Vn =1 ght, bs Yn + eee 


113] TWO UNIFORM FUNCTIONS 201 


After these explanations and inferences, we proceed to shew that it is 
possible to choose quantities wu and wu’ of small moduli, so that the place 
a+u,@+vw is in a small domain of a, a’, and so also that 


\f(a+u, a +u')|<|f(a, @)|, 
lgatuatw)|<|g(ae)\, 
simultaneously. Let 
S(@]e)=Q4i1h, g(av)=S+77, 


where Q, R, S, T are real quantities, and neither |Q+7R| nor |S +77’ 
vanishes. Now choose M a small positive quantity, in every case less than 
|\Q+7R)|, unless |Q+7| happens to be zero and then we take M zero; and 
choose an argument w such that Q and M cos W have opposite signs and, at 
the same time, R and Msinwy have opposite signs. . (If R be zero, we can 
take yy equal to either 0 or 7 and should choose the value giving opposite 
signs to Y and Mcosw. Similarly, if Q be zero, with a choice of $7 or 3a 
for y). Again, choose V a small positive quantity, in every case less than 
|S+727'|, unless |S+77'| happens to be zero and then we take N zero; and 
choose an argument y such that S and Vcos y have opposite signs and, at 
the same time, 7’ and NV sin y have opposite signs. (Arrangements as to 
choice of y can be made similar to those for y, if either S or 7’ should vanish). 
Then evidently 
f(a 0) + Me] </f@ |, 
- |g(a, a’) + Nex'|<|g(a, a’)|. 


Now we have seen that, for sufficiently small values of M and of N, the 
relations 
Me = s(u, W)in + f(y UW) mgr # oes 


Nex =u, Un + (UU )nia +. 
give a limited number of sets of values of the form 


him id eae OW agai ae 
w=hP +h! Prt...) 


where | P| is a small magnitude such that 
Met =P Nex =VPO: 


thus | w| and | w’| are small, of the same magnitude as | P|, while |k,P?+...|, 
| k/P? + ...|, are small compared with | P|. For such values, we have 


IFatua+w)|<|f(@, a’)|, 
\g(atua+w)|<|g(a, «))|, 


which was to be proved. 
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Accordingly, we infer that it is possible to pass from a place a, a’ toa 
place z, z’, which may be called a place adjacent to a, a’, and which is such as 
to give the relations 

IF 21< If@ @)I, 
lg #)|\<lg@@)|, 
simultaneously. 

Within the finite part of the field of variation, the functions f(z, 2’) and 
g (2, #) are everywhere regular, so that no singularities are encountered in 
transitions from a place to an adjacent place. We therefore can pass from 
place to place within the finite part of the field of variation, always choosing 
the passage so as to give successively decreasing values of | f(z, 2’)| and 
ig (2, 2) |. 

If at any place c, c’, one of the two functions (but not both of them) 
should vanish—say f (c, c’)=0—then we choose the next place c+, ¢ +’, 
so that M is zero, that is, so that « is zero, and such that 

S(et+ucd+u)=0, lg(etu¢+w)|<|g(ec’)|. 
The choice is always possible for finite values of z and z’, because the functions 
f(z, 2) and g (z, 2) are regular for those finite values and consequently can 
be expressed as regular power-series. 


114. It thus follows that, by an appropriately determinate choice of 
successive places at every stage, each place being adjacent to its predecessor, 
the moduli of f(z, #) and g(z, 2) can be continually decreased so long as 
they differ, either or both, from zero, Thus they tend to zero in value, as the 
successive places are chosen; and continued decrease can be effected, so long 
as they are not zero. 


Moreover, we know that every regular function possesses a zero value or 
zero values somewhere within the whole field of variation. If the zero value 
does not occur at some ordinary place, then (§ 53) it occurs at the essential 
singularity or singularities, as e.g. for the function e?®*), where P (z, z’) is a 
polynomial in z and 2’, when the places for the zero values belong to the 
non-finite part of the field. 

Hence ultimately, either for finite values of z and ~, or for infinite values | 
of either of them or of both of them, a place will be attained at which both 
the moduli | f(z, 2’)| and | g(z, 2’)| are zero. Such a place is a common zero 
of f(z, 7) and g(z, 2’); and therefore our theorem—that two functions 
f@ #) and g(z, 2), regular everywhere in the finite part of the field of 
variation, vanish simultaneously somewhere in the whole field—is established. 

Li. Consider the functions 

Fe ZH) err", g (2, 2) =ze-**), 
both of which are regular for all finite values of z and 2’. 
Let 2+2 =log (rmemér), 


r—pebi 
2=re”’, 
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where r, 6, m, ” are real constants ; then 

Gacy) Tene 

g (2, Z)=rl—%) ef @m) 64, 
When 0 <2 <1, we manifestly have 

f(%#)=0, 9% #)=0, 


when 7 is zero: that is, the two suggested functions acquire zero values for some specified 
values of 7 (even when z=0) which do not lie in the finite part of the field of variation of 
the two variables. 


115. Next, consider the case of two uniform analytic functions, each of 
them devoid of essential singularities in the finite part of the field of variation, 
and each of them possessing continuous aggregates of poles and isolated 
unessential singularities. We know, from an earlier proposition (§ 90), that 
the functions can be expressed in the forms 

es ; Ted Zee) 
IG Z)= OG): g%, (Fann aye 
where P (z, 7), Q(z, 2), R(z, 7), S(z 7) are functions of z and 2’, which are 
regular everywhere in the finite part of the field of variation. 


The zero-places of f(z, 7) are those of P(z, 7); it may happen that a zero- 
place of P(z, 7) is also a zero-place of Q(z, 7), and then the place is an 
unessential singularity of f(z, 7) which, among its unlimited set of values there, 
can acquire the value zero: that is, the zeros of f(z, 7) are given by the zeros 
of P(z, #). Similarly for g(z, 7) and R(, 2). Hence f(z, 7) and g (z, 2) 
will vanish simultaneously somewhere in the field of variation, if the functions 
P (z, 2) and R (z, 7), everywhere regular in the finite part of the field, vanish 
simultaneously somewhere in the whole field. But we have proved that these 
regular functions P (z, 2’) and R (z, 2) must vanish simultaneously at some 
place or at some places in the whole field. Hence we infer the following 
theorem :— 


Two independent functions f(z, 7) and g(z, 2), which are uniform and 
analytic, and all the essential singularities of which occur only in the non-finite 
part of the field of variation, must vanish together at some place or some places 
in the whole field of variation. 


We infer also, as an immediate corollary, the following further theorem :— 


Two independent functions f(z, 7) and g(z, 2), which are uniform and 
analytic, and all the essential singularities of which occur only in the non-finite 
part of the field of variation, must acquire assigned level values at some place 
or some places in the whole field of variation. 


For if the assigned level values be a for f(z, 2’) and 6 for g(z, 2), the 
functions f(z, 2’)—a and g (z, 2)— 8 satisfy all the conditions imposed upon 
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the functions f(z, 2’) and g(z, @) in the earlier theorem; the application of 
that earlier theorem leads to the result just stated. 


A corresponding result holds as regards simultaneous poles for /(z, Zz) 
and g (z, 2). 

In general, a corresponding result does not hold as regards the occurrence 
of simultaneous unessential singularities of f(z, 7) and g (z, 2). 


116. When two functions f(z, 2’) and g(z, 2’) have a common zero-place, 
we need to consider their relations to one another in its immediate vicinity 
we need also, if possible, to assign an integer which shall represent its multi- 
plicity as a common zero-place. Let a, a’ be such a place, so that 


flaw) =0, g(a, a) =0; 


for places in its immediate vicinity, represented by a + u, a’ + wu’, we have 
f(z 2) = Kutut P (u, wv’) oP) 
= Dusy’t Q (u, Te) eQ(u,w’) 
g(z,7)=K' wu" RB (u, w) ek 
= D/usult S(u, u’) eS) 


Here K, L, K’, L’ are constants; s, t, s’, ¢ are positive integers which can 
be zero separately or together; P (u, uv’), Q(u, wv), R(u, w), S(u, w) are regular 
functions of w and w’, which vanish with uw and uw’. The functions P (wu, w’) 
and R& (u, u’) are polynomials in u, having as their coefficients regular functions 
of u’ which vanish with w’; the functions Q (u, w’) and S (wu, u’) are polynomials 
in w’, having as their coefficients regular functions of u which vanish with wu. 
When w-‘u’-' f(z, 2) does not vanish with w and wu’, we substitute unity for 
each of the functions P and Q; and similarly when w-*u’— g (z, 2’) does not 
vanish with wu and wu’, we substitute unity for each of the functions R and SV. 


The order of a zero-place for a single function in each variable has already 
been defined. For the function f(z, 2’), it is 


st+tming, t+ninZ, 


where m and n are the positive integers, which are the degrees of P and Q 
regarded respectively as polynomials in w and in w’; and m and n are zero, only 
when wu’ f(z, 2’) does not vanish with wand wv’. For the function g (z, 2), 
it is similarly 
s+minz, U+n inZ, 

where m’ and n’ are the positive integers, which are the degrees of R and S 
regarded respectively as polynomials in w and in w’; and m’ and n’ are zero, 
only when u~*w’— g (z, 2’) does not vanish with w and w’. 


Beyond the factors wut and ww, the relations of f(z, 7) and g(z, 2) im 
the vicinity of a, a’ depend upon the relations of the functions P or Q (as 
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representative of f) and the functions R or S (as representative of g) to one 
another. Consider, in particular, the functions 


P(u, w)=u™ + w™ p, (uw) +... + Pm (w), 
where p,, ..., Pm are regular functions of w’, vanishing with w’, and 
Ba, v)y=u™ Fa (a) bc £ Ny CL), 
where 7, ..., 7m are regular functions of uw’, vanishing with wv’. To determine 


whether there are common sets of values of uw and wu’, in the vicinity of u=0 
and u’ = 0, where P and R vanish together, we take 


PaO f=), 


as sunultaneous equations, algebraical in u. Eliminating wu between them, we 
have (save in one case) a resultant which is a function of w’ only; also, as each 
of the quantities p,, ..., Pm, Tr, «++» Tm 1S a regular function of wu’ vanishing 
with w’, this resultant is of the form 


u™ (wv), 
where M is a positive integer, chosen so that ¢ (w’), a regular function of w’, 
does not vanish when u’=0. To the exact determination of M we shall 
return later. 


The excepted case arises when the resultant vanishes identically. When 
the resultant does not vanish identically, the necessary values of uw’, making P 
and & vanish together, are given by 


WA er (ts \ce'(); 


where ¢$ (0) is not zero and ¢(w’) is a regular function. We at once have 
wu’ =0, as a possibility; the associated value of uisu=0. The alternative 
possibilities would arise through zeros of the regular function ¢(u’): but as 
(0) is not zero, it is possible to assign a finite positive quantity e, less than 
the smallest among the moduli of the zeros of ¢(w’). In that case, there is 
no value of wu’ within the range |w’|<e such that ¢(w’) vanishes; and then 
the resultant vanishes for no value of w’ other than u’=0: that is to say, 
there is no zero-place for f and g in the immediate vicinity of a, a’, other than 
a, a’ itself. 


117. When the resultant of the two equations P =0 and R=0, which 
are algebraical in u, vanishes identically, the inference is that these two 
equations in wu have common roots, one or more. Let the number of these 
common roots be /, and let them be the roots of an equation 


Ua=w+u kh, (v’)t+ ... +h (u’) =0, 


where k,, ..., k; manifestly are regular functions of w’ vanishing with w’. 
Then U is a factor of P save as to possible multiplication by a factor e*, 
where a(w’) is a regular function of uw’ that vanishes with uw’; and similarly U 
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is a factor of R, save as to a similar possible limitation. Let the quotient of 


P by U be 
CE tN CY eno hit ts 


and let the quotient of R by U be 
unt 4 ym—ll g, (Ww) +... + Imi-1 (w’), 


where all the quantities f{, ..., fin—t i +++» m1 are regular functions of w, 
vanishing with wu’. The conditions, necessary and sufficient to secure this 


result, are those which render the relation 
(unt Fy Fm) FO" Oy. FOr) 
= (uml 4 yr "79, + Co. + Im) (U™ + U™ D+... + Dm); 
an identity: viz. we must have the / independent determinants, each of 


m+m —2l—1 rows and m+ m’'— 21—1 columns (we assume m2>m’ for 
purposes of statement), which can be formed out of the array 


(i hh ID LA lip 0 Pm —Tm', Pmitir seeeeeeee > Pm; 0 ? 0 peeey 0 ? 
esse ka Tries alladinleesis Satna isha eel ee eee ee Ua AOU A ms 
0.1% Lig rR ET yt TH a Oe OO eae eee 
ORG . OR iG) ep rareprenr te rans nea aren ASG San ra Nao Ton an erie 

? Pi > (Oe 6 » *Pmi-1 > Pm! 5 eevee >Pm-1, Pm 0 ) > 
Owes Le Dat tatoccp irises Gece eu waekns Cantera 5 Dns) Drea. Dinette 
O eg Oe gy PO grcctaptinte Shona p ecewanrs day c. Sue uaa et Meroe wen deca ei 


vanishing identically for all values of w’, 


In actual practice with two given functions, we should in general experi- 
ence the same arithmetical difficulty as before (§§ 70, 71). Here we are 
concerned with the effect of the relative reducibility of the functions; the 
foregoing are the / analytical conditions for this reducibility. 


When all the conditions for the identical evanescence of these / deter- 
minants are satisfied, P and R have a common factor U: and then all the 
zeros of U within the domain are also zeros of P and R. Now these zeros of 
U form a continuous aggregate, since U is a regular function; for J values of 
wu can be associated with any value of w’ in the domain so as to make U 
vanish. 

118. It thus appears on the one hand that, when the resultant of P and 
R, regarded as polynomials in w, does not vanish identically, the zero-place 
a, a’ is isolated: that is to say, simultaneous zero-values of P and R cannot 
be found, except at a, a’, in a region given by 


|z—-al<e, |2’-a'\<e’, 
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where ¢ and ¢’ are assigned positive quantities made as small as we please. 
And it appears on the other hand that, when the resultant of P and R, 
regarded as polynomials in wu, does vanish identically, the zero-place a, a’ is 
not isolated, 


Moreover, in the case when P and R have a common factor U, we can 

write 
Pe Up iw) i= UG ey ): 

where all the functions P, R, U, p, q are regular functions of u and wu’; each 
of them vanishes when u = 0 and w’=0; and each of them is a polynomial in 
u, having unity as the coefficient of the highest power of wu and, as coefficients 
of the succeeding powers of uw, regular functions of w’ which vanish when 
wu =0. From the construction of U, we may assume that p and q have no 
common factor; so that the zero-place of p and g at w=0 and u’=0 is 
isolated. Now 


Hi (= =) - RI (B =) sis (24) + Us (E4), 
u, U u, U u, U u, u') 

Hence the Jacobian of P and # vanishes for all the aggregate of places 

making U vanish, because all these places make P and R vanish. But this 

Jacobian does not vanish (except at a, a’) for places in the domain of a, a’, 

which make P and R vanish but leave U different from zero, Also, as 


I Zz) = Kusu'tP (u, w’) eP (uw) 
g (Z, Zz’) = Tuiu*R (u, w) ek(u,w) ? 

it follows that the Jacobian of the independent regular functions f and g 

vanishes for all the aggregate of places making U vanish, while it does not 


vanish (except at a, a’) for places in the domain of a, a’ that make f and g 
vanish but leave U different from zero. 


d 


These results have followed upon the selection of P (u, uw’) as the sig- 
nificant factor of f in the immediate domain of a, a’, and of R(u, uv’) as the 
significant factor of g in the same domain. The same results follow upon a 
selection of Q (u, u’) and R (u,.u’) as the significant factors of f and g; like- 
wise upon a selection of P(u, u’) and S(u, uw’) as these factors, and upon a 
selection of @(u, wu’) and S(u, uv’) as these factors. 

Gathering together all the results, we can summarise them as follows :— 

(i) Any two independent functions, uniform, analytic, and devoid of 
essential singularities in the finte part of the field of variation of the two 
variables z and. 2’, possess common zero-places somewhere within the field 
of variation :— 

(ii) Jn general, each common zero-place of two independent functions, 
which are uniform, analytic, and devoid of essential singularities in the 
fimitte part of the field of variation of z and z, 1s an isolated place, so far 
as concerns the vanishing of the two functions :— 
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(iii) Less generally, when two such independent functions possess a 
common factor, which is necessarily of the same character throughout the 
finite part of the field of variation and which itself vanishes at the common 
zero-place of the two functions, then the common zero-place of the two 
functions is not isolated; in its immediate vicimty, the two functions 
possess a continuous aggregate of zero-places which belong to the common 
factor :— 

(iv) The Jacobian J, of two independent functions f and g, does not 
vanish identically. It may vanish at a zero-place common to the two 
functions. When the common zero-place is isolated, then f, g, and J do 
not simultaneously vanish at any other place in the immediate vicinity of 
that place. When the common zero-place is not isolated, then f, g, and J 
vanish simultaneously at a continuous aggregate of places in the immediate 
vicimty of the common zero-place. 


119. In the preceding consideration of two functions f(z, 2) and g(z, 2’) 
discussed simultaneously, there has been the fundamental assumption that 
the two functions are analytically independent of one another in the sense 
that neither of them can be expressed, either implicitly or explicitly, by any 
functional relation which, save for the occurrence of f and g, is otherwise free 
from variable quantities. Were the assumption not justified, the Jacobian of 
the two functions would vanish identically; we then should not possess 
sufficient material for the consideration of the common characteristic pro- 
perties of f and g as simultaneous functions of two variables. 


But, after the preceding explanations, two limitations can be introduced 
as regards a couple of functions. One of these affects them simultaneously : 
the other affects them individually: yet neither of them imposes limitations 
upon generality, for the purposes of this investigation. 

Our discussions will deal with any pair of regular functions, which are not 
merely independent in the general sense, but which possess the further 
quality that they have no common factor, itself a regular function and 
vanishing at places within the domain considered. For any such pair of 
regular functions, each simultaneous zero-place is isolated. The zero-place 
may be simple or it may be multiple; when it is multiple, the multiplicity is 
represented by a definite positive integer. 

It will be convenient to use some epithet to imply that two independent 
regular functions, existing together in the domain of a place where they 
vanish, do not possess a common factor, which is itself a regular function in 
that domain and vanishes at the centre of the domain. When a common 
factor of that type is not possessed by a couple of such functions, they will be 
called free. If on the contrary they do possess a common factor of that type, 
they will be called ted. Accordingly, when we deal with a couple of regular 
functions simultaneously, they will be assumed to be both independent and free, 


120] COMMON ZEROS 209 


The other limitation aims at the exclusion of unessential complications, 
and is suggested by the most general form of a function f(z, 2) in the 
immediate vicinity of a zero a, a’, viz. 

f(z, 7)=K (z—a) (¢ — a’) P (¢—a4, ¢ — a’) eP em? 0, 

Thus (z — a)* is a factor of f(z, 2’): at another zero ¢, c’, it could have another 
factor (¢—c)’; that is, it would have a factor (¢—a)*(z—c)’. And so on, for 
other zeros. We shall assume that, if f(z, 2’) initially possesses a factor which 
is a function of z alone, then f(z, 2’) is modified by the removal of that factor 
in z alone. Similarly, of course, if it initially possesses a factor which is a 
function of z alone, then we shall assume it to be modified by the removal of 
that factor also. Any such factor of either variable alone can only contribute 
properties characteristic of a function of a single variable. Thus, for instance, 
we should not consider @(z) @ (2), where the periods of @(z) are unaffected 
by the periods of @ (z’), as a proper quadruply-periodic function; we should 
not consider @(z) sinz as a proper triply-periodic function; we should not 
consider sin zsin 2’ as a proper doubly-periodic function, 

It seems unnecessary to introduce an epithet to indicate the non-composite 
character of a function f(z, 2’); in what follows, we shall assume that we are 
dealing with functions which are of this non-composite character. 


Accordingly we can enunciate the theorem :— 


The common zero-places of two functions of z and 7, which are uniform, 
analytic, and devoid of essential singularities in the finite purt of the field of 
variation, and which are independent and free, wre isolated places in the field 
of variation. 


120. An indication has been given of the determination of the integer 
which shall represent the multiplicity of an isolated simultaneous zero-place 
of two regular functions. In the vicinity of such a place a, a’, we take 

Z=0+4, £=a+y: 
and then, after the preceding explanations, we can assume that the integers 
s and t are zero for f(z, 2’), and that the integers s’ and ¢’ are zero for g (z, 7). 


Thus > : 
FG 2)=KP, wert, gz, 2) = LR (u, uv’) ek, 


in the immediate vicinity of u= 0, w=0; and 

P (u,v) = u™ + uw p, (uw) +... + Dm (), 

RY, w)=u™ fut 7, (UV) +... Fm (Ww), 
where all the coefficients p,, ..., Pm, 7, +++) ’m are regular functions of wu’ and 
vanish when w’=0. When the eliminant of P (wu, w’) and R (u, w’), regarded 
as polynomials in u, is formed, it is a regular function of u’ which vanishes 
when w’ =0; and so it can be expressed in a form 


w™ ob (u’), 
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where ¢ (0) does not vanish, and where M is a positive integer. This integer 
M measures the multiplicity of a, a’, as a simultaneous zero of f and g. 


The detailed determination of M can be effected as follows. Let 

P (wu, w) = (u— ps) (w= pa) «+. (U— pm) 

R (u, wu’) =(u— a4) (u — a2)... (U— om), 
where py, +--+, Pins Ti, +++) Fm are functions of wu’ (regular functions of fractional 
or integer powers of w’) all vanishing when w’=0. Their governing terms— 
that is, the lowest power of w’ in each of them, with its appropriate coefficient 
—can be determined as in Puiseux’s treatment of algebraic functions. Now, 
except as to a constant factor that is of no importance here, the eliminant of 
P and R is 


II II (p,—<,). 


r=1 s=1 
When p,—a; is expressed in terms of u’, every occurring power having a 
positive index, let j,, be the index of the lowest power it contains; then we 
see that 
m mm 
M= > > Lys, 
r=1 s=1 
which thus gives an expression for the multiplicity M. It is easily established 
that the quantity M, thus obtained, is an integer. 


The simplest case occurs when, in the expansions 


FZ, 7) =Gy 6 — a) + ay (2 —a@) +... 
g (4, 2) = Cy (4 — A) + Oy (2 — a’) + a 


no one of the quantities Qo, An, Cio, Cor, Aro Cor — Co Mn Vanishes: the value of 
M, for the zero a, a’, is unity in this case. 


Note. If, instead of the functions P and R, we take Q and S, as repre- 
sentative of f and g, and construct the eliminant of Q and S regarded as 
polynomials in w’, the eliminant is 


u™ wy (u), 
where yf is a regular function of w such that y(0) is not zero, and M is the 
same integer as before. The proof is a simple matter of pure algebra. 


121. All the preceding remarks apply to the simultaneous zero-places of 
two regular functions f(z, 2’) and g(z, 2’). It applies equally to the level 
values of two regular functions f(z, 2’) and g(z, 2’), say a and 8 respectively, 
where |a| and || are finite. The functions f(z, 2’) and g(z, 2’) are inde- 
pendent, as before. The functions f(z, 2’) —a@ and g (z, 2’) — 8 will be supposed 
free, that is, we shall extend the significance of the epithet ‘free,’ as applied 
to f(z, 7) and g(z, 2’), so that it applies to this case also. The functions 
f(z, #)—« and g(z, 2)—B will also be supposed non-composite as regards 
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factors which are functions of z alone or functions of 2 alone, as was the case 
with f(z, 7) and g(z, 7). And, now, we can enunciate the theorem :— 


The common level places of two regular functions, which exist together in a 
domain of the variables, and which are independent and free, are isolated ; and 
the multiplicity of any level place, giving values a and B to f(z, 7) and g (Z, 2’) 
respectively, is the multiplicity of the place, as a simultaneous zero of the 
functions f(z, 7)— 4, 9 (4, 7)-B. 


122. Further, consider two functions f(z, 2’) and g(z, 2’), independent of 
one another, not tied, and existing in a common domain; and suppose that 
F(z, #) has a pole at a place p, p’, which is an ordinary place for g (z, 2’), say 
a level place for g (z, 2’), (zero being a possible level value there). Then the 
place is a common level place for the functions ¢ (z, 2) and g(z, 2’); and 
we know that, if ¢(z, 2) and g(z, 2’) are free, that is, if $(z, 2’) and 
9 (2, 2)— 9 (p, p’) possess no common factor which is a regular function of 
z, # vanishing at p, p’, then the common level place at p, p’ for $(z, 2’) and 
g (2, #) 1s isolated, and its multiplicity is the index of the lowest power of 2’ 
in the z-eliminant of ¢ (z, 2’) and g (z, 7) —g(p, p’). 


It is convenient to extend the significance of the terms tied and free as 
applied to a couple of independent uniform functions f and g. We shall say 
that they are tied if, for any constant quantities « and £, either f—a and 
g—8; or f—a and (g— 8)"; or (f—4)* and g—8; or (f—a)~ and 
(g—8)~ (being really two alternatives) possess a common factor which is a 
regular function of z and z having a zero (and so an infinitude of zeros) in 
the domain; and we shall say that the two independent functions f and g are 
free, when no common factor of that type exists for any one of the combina- 
tions. Moreover, we shall also assume that neither f— anor (f/— a) nor g— 8 
nor (g—8)"' contains any factor, which is a regular function of z alone or of 
z’ alone and vanishes for one (or for more than one) finite value of the 
variable. 


On the basis of earlier results, we can now enunciate the following 
theorems :— 

(i) Let f(z, 2) and g(z, 2’) be two functions, which are uniform, analytic, . 
and devoid of essential singularities in the finite part of the field of variation of 
z and 2’, and which are independent and free. The places where one of the 
functions acquires a level value and where the other has a pole, are rsolated ; 
and the multiplicity of the place for the two functions conjointly is the multi- 
plicity of the place as a level-and-zero place for one of the functions and the 
reciprocal of the other. 

(ii) The common poles of two uniform functions, which east together in a 
domain of the variables, and which are independent and free, are isolated ; 
and the multiplicity of the common pole for the two functions conjointly is the 

14—2 
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multiplicity of the place as a common zero for the reciprocals of the two 
functions jointly. 

The theorems follow at once from an earlier theorem by considering the 
behaviour of the reciprocal of a function in the immediate vicinity of any pole 
of the function. 


When we extend the term level value of a uniform function to include 
(i) a zero value of the function, this being a unique zero, independent 


of the way in which the variables reach the place giving the zero 
value: 


(ii) a level value @ of the function, where |a| is finite, this being a 
similarly unique level value of the function: 

(iii) an infinite value of the function, this being a unique infinity of 
the function arising at a pole: 


then all the theorems, already enunciated concerning two functions, can be 
summarised in the one theorem :—— 


The common level places of two uniform functions, which are uniform, 
analytic, and devoid of essential singularities in the finite part of the field of 
variation of z and 2’, and which are independent and free, are isolated ; and 
the multiplicity of the level place for the two functions conjointly is the index of 
the lowest term in the eliminant of the two functions or of their reciprocals or 
of either with the reciprocal of the other, expressed in the vicinity of the place. 

Combining this result with the investigation, which settled the order of 
multiplicity of the place a, a’ as a level place of the functions f and g and 
therefore as a zero of the functions 


FT (, Z)—@, VACA z) =, 
we have the following corollary :— 
Let a, w’ be an isolated common zero of multiplicity M of the functions 
S@2)-4 g(4, 2)-B: 


then, for values of |\a’| and | 8’| sufficiently small, there are common zeros, 
sumple or multiple, of aggregate multiplicity M, of the functions 


J(4, Z)-a-a@, g(z,7)—-B-8, 
which coalesce into the single common zero of multiplicity M of 
IAG; a, 9%, #)— B, 


when a& and B’ vanish. 


CHAPTER wo VTE 
UnirormM PERIODIC FUNCTIONS 


123. WE now proceed to consider the property, of such functions as 
possess the property, which customarily is called periodicity. Limitation 
will be made at this stage to periodicity of the type that is linear and 
additive, though the type is only a very particular form of the general 
automorphic property, mentioned in Chapter I. 


In conformity with general usage, we say that two constant quantities w 
and w’ are periods, or a period-pair, or a period, of a function f(z, 2’) of two 
complex variables, when the relation 

fete, +0) =f, 2) 

is satisfied for all values of z and of z’. In such an event, the relation 

f (z+ so, 2 +s0')=f (Zz, 2’) 
is satisfied for all integer values, positive and negative, of s. Moreover, it is 
assumed implicitly that » and ow’ constitute a proper period-pair; that is to 
say, a relation 

fletko, 24+ k'o') =f (z, 2’) 
is not satisfied for all values of z and 2’ except when k=k’, both k and k’ 
being integers, and that the same relation is not satisfied, even if k =k’, when 
the common value of k and k’ is the reciprocal of an integer. 


In dealing with periodic functions of a single complex variable, infinitesimal 
periods are excluded. Speaking generally, we could say* that, if a uniform 
function of a single variable possessed an infinitesimal period, then within 
any finite region, however small, round any point, however arbitrary, the 
function would acquire the same value an unlimited number of times. The 
possibility of the existence of such functions may not be denied; but they 
cannot belong to the class of analytic functions. In the case of analytic 
functions which are not mere constants, the result of the possession of 
infinitesimal periods would be to make practically any point and every point 
an essential singularity. Accordingly, so far as concerns functions of a single 
variable, the possibility of infinitesimal periods is excluded. 


124. We likewise exclude the possibility of infinitesimal periods for 
functions of two variables; but the exclusion can be based on different 


* See my Theory of Functions, § 105, 
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grounds also. For the present purpose, we shall limit ourselves to uniform 
analytic functions* of two variables; and we then have a theorem+, due to 
Weierstrass, as follows :— 


A uniform analytic function of two independent complex variables z und 2 
possesses infinitesimal periods only if it can be expressed as a function of 
az+a’z’, where a and aw are any constants. 


First, suppose that our function f(z, 2’) can be expressed in a form 
S, 2) =F (az+az’). 
Then if we take any two quantities P and P’ such that 


aP+aP’=0, 
we have 
fetP, 74+ P)=F (acta? +aP+a'P’) 
= F(az+a/z’) 
=f (4, 2); 


and therefore when P and P’ are constants, we may regard P and P’ asa 
period-pair for f(z, 2’), supposed expressible in the given form. The only 
relation between P and P’ is aP +a’P’=0; hence either of them can be 
taken infinitesimally small, and the other then is infinitesimally small also. 
It follows that, when a function of z and z’ can be expressed in the form of a 
function of az+ a’z’ alone, where a and a’ are any constants, then it possesses 
infinitesimal periods. 


Further, writing az + a’z’ = v, we have 


Gf ay, OF haf 28s 
Ape Oe Baas eon 


and therefore =f ee 
ae —a Eu =U: 

Hence when the function is of the form f(az+a’z’), so that it possesses 
infinitesimal periods, the foregoing relation is satisfied. Conversely, by the 
theory of equations of this form, the most general integral equation equivalent 
to this differential equation is 

Sf (2, 2) =F (az + a2’), 
where F is any function whatever of its single argument; and therefore, when 
a function f(z, 2’) satisfies the relation 


oh Visage 


in general (and not merely for an arithmetical pair, or for sets of arithmetical 
pairs, of values for z and 2’), it possesses infinitesimal periods. 

* The result holds for multiform functions and, under conditions not yet established, possibly 
even for functions that have an unlimited number of values for any assigned values of the 
variables ; see Weierstrass, Ges. Werke, t. ii, p. 69, p. 70. 

+ It is established for the case of n variables, Weierstrass, Ges. Werke, t. ii, pp. 62—64. 
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Next, suppose that our uniform analytic function is not expressible in a 
form F'(az+ az’) for any constants a and a’ whatever; and consider a region 
in the field of variation where the function f(z, z’) is regular. No relation 

0 
a’ E a af = (i) 
0z 
for non-vanishing values of a and a’, is satisfied over the whole of this region ; 
hence we can take places z and z,’, z, and z,’ within the region, such that 
| J.|, where 


J» of (A, Z) of (A, 4) 


Se Oz, f OZ, } ; 
of (22, 2, ) Of (22, 2) 
Cte. Fk Ozue se) 


is finite and not zero. Also when we take places z;+% and 2 + wu)’, 2. + Us 
and 2, + Uy’, 4+, and 4'+,', 2+, and z+ 2,', where all the quantities 
| er}, | ea’ |, | eo], | eto |, | er}, | e2’|, ||, | x’ | are infinitesimally small, the quantity 
| Jie, | where 


Of (4 + Uy, A +’) Of (41+ 1, 21 + %') 


AEX =\| —_— = = > / 
# 02; OZ ; 
Of (42 + Up, 2 + Us ) of (2+ Ve, Zy + V2) 
02. ‘ 02», 


differs from | J;,| only infinitesimally, and therefore its modulus is finite and 
not zero. 


Consider the possibility of the existence of two periods h and h’. What- 
ever these quantities may be, we have generally 


Wie Thera [Oo Gace La at 


because the subject of integration is a perfect differential. Take a combined 
€-path from z to z+h and a ¢’-path from 2 to 2 +h’, and let 


C=2+ht, C=2 +hit, 
so that the range of integration is Bproscuieg by variations of t from 0 to 1; 


and then generally 


VG ine hye fC Ze an Uae iD 


1 of (2 —- ht, Zi + fy 

02 
Suppose now that h and h’ are infinitesimal, so that the derivatives of 
J (4, 2) differ only infinitesimally in the t-range from 0 to 1 from their values 
at t=0; then we have a relation of the form 
of (e+u, 2 +w) , of (2 +4, 2 +0’) 

Dee ales = ele 
0z 0zZ 


D at. 


+h’ 


Seth, +h) f(z 2)=h 
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where |u|, |u’|,|v|, |v | are infinitesimal of the same order as |/| and |h’|, 
and may depend upon z and 2. Accordingly, returning in particular to our 
two places z, and z,’, 2, and 2,', we have 


1> ‘if d 0 neat Veet ‘3 
Fath «oof G. ee ee 


Oz, 02, ) 
2 ee: 2 0 ot Us, 2, + OP 
flath, ach) — fas ga AG mee? + U, ae if (z ae J 


and so on for any number of places; two will suffice for our purpose. 


When /h and h’ are periods (whether infinitesimal or not), the left-hand 
sides vanish. As the equations are valid, when the periods are infinitesimal, 
the right-hand sides also vanish; so that we have 


htipa= Oe NIG = 0. 


Now J,,.’ is not zero; hence both h and h’ are zero. In other words, our 
uniform analytic function of two variables cannot have infinitesimal periods, 
unless it is expressible as a function of a single argument az + az’, where a 
and a’ are two constants. 


125. Next, let w, and w,’, w, and ,’', o; and @;, ... be period-pairs for a 
uniform analytic function f(z, 2’); then we have 


tet T1Q@), + V2 @o + 13 Ws + eee, a + 1 O, + To Wo. +- T.Ws_ + ee. = (2, Zz), 


where 7, 72, 73, ... are any integers, positive or negative, and independent of 
one another. 


In the case of a uniform analytic function of one variable, it is known 
that there are not more than two independent periods and that the ratio of 
these periods for a doubly periodic function cannot be real* ; the last property 
can be expressed by saying that if the periods are w, = «+ 18, and w’, =a’ + if’, 
the determinant 

| Pe WOR: 
ee ect | 
is not zero. 


The corresponding theorem+ in the case of uniform analytic functions of 
two variables is as follows :— 


A umform analytic function of two variables z and z' cannot possess more 
than four independent period-pairs a, and aw’, w, and @,', w; and ws, o, and 
ow, ; and if 

: : ks 
Ws = as ae 1B; Ws = as + ws » 
* When the ratio is real and commensurable, both periods are integer multiples of one and 


the same period; when the ratio is real and incommensurable, there are infinitesimal periods, 
+ Itis partly due to Jacobi, Ges. Werke, t. ii, pp. 25—50. 
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for all four values of s (the parts a, B, a, B’ being real), the determinant 
ee 
[ferem cae Punch 
| ane wae og e Mg} | 
Oe ie hee Be | 
must not vanish. 


126. As a preliminary lemma, we require the following proposition: if 
relations 
@, =ko, +lo. + ee 


o, = kw + lo,’ + mo,/ 


are satisfied among four period-pairs, where k, 1, m are real quantities, then 
either there are not more than three linearly independent period-pairs or 
there are infinitesimal periods, 


First, suppose that k, 1, m are commensurable, and that then each of 
them is expressed in its lowest terms. Let d denote the highest common 
factor of their numerators, and let M denote the least common multiple of 
their denominators ; and write 


k= be Kk, l=—!V,. m=—m, 


M 


where k’, 1’, m’ are integers; then we have 


wo, =k'w, +l’o, + m’o,z, 


wo, = ko, + l’@. + mag. 


Now M/d is a fraction in its lowest terms, being an integer only if d is unity ; 
change M/d into a continued fraction and let p/q be the last convergent 
before the final value; then 


a ae 
ag. dae 
so that 
1 
1 age ie oe 


Now us w, and 2 w, manifestly are a period-pair, and therefore also ie W, 


d 


and q = @, ; consequently 


( =P) @, and (07-2) w, 
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also are a period-pair, that is, w,/d and w,/d are a period-pair. Let* 


/ 
DW, 


d 


W4 


qo =, ; 


then 
MOQ, = k’o, + lo, + m’o;, MO/ =k'o, +l’, + m'oy, 
where the integers M, k’, l’, m’ have no factor common to all. 


Moreover, we can assume that any two of the four quantities have no 
common factor. For if two of them, say k’ and J’ had a common factor yu, the 
quantities 

k i’ k’ L’ 


y; 4 / 
@, + —@, @, +— @e 
be be 


are period-pairs, integral in w, and @,’, @, and w,’; hence 


/ / 

M m Mo / m / 

mag Sek ope OSs Mme Od tah C3, 

be pe be 

are a period-pair, say w; and @;'; then as 

M m M / m’ / / 
— 0,——o,=0;, —O/—— os =a, 
be be 


where M, m’, w are integers and 0,, @;, @;, 04, @;, @; are constituents of 
pairs. But we know+ that, in such an event there are two integral com- 


, 


binations of w;, ;, Q,, and the same two integral combinations of ,', w;', 0’, 


/ 


because the coefficients ke and are the same in the two relations, such 
be 


that ;, @;, Q, are expressible as integral combinations of the first and 
w;, @;, 2, are integral combinations of the second ; that is, we have 

k i ; : : 

Fi @,+ 5 @, = linear function of two periods Q, and Q,, 


/ / 


Dy eS Ope SAMS), ot Ween a eee ee Osan. 
be be 


/ / 


and now, in our equations, the integral coefficients i and — have no common 
factor. mi 
Similarly for the other cases; we can assume, in our relations 
M0O,=k'o, + l’o,+m’'o;, MO! =k'o, + lo! + mo, 
that no two of the integers M, k’, l’, m’ have a common factor. 


Accordingly, we have k’/l’ a fraction in its lowest terms. Expressing it 
as a continued fraction, and denoting by r/s the last convergent before the 


final value, we have 
ko 1 
oe 
be west 
* Obviously, if d=1, the period-pair wy and w,’ is unchanged. 
+ See my Theory of Functions, § 107. 


wo} 
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Then 
+o, =o, (sk'—rl’)= sMQO, —-l’ (ro, + so, )—sm’a;, 
+ w= sMQ,' —1’ (rw, + sa,’) — sm’, 
+ @, = @, (sk —rl’)=—rMO, +k (ro, + s0,)+ rma, , 
+o, = —7rMQ,{ +k (roy + sos) + rm ; 
and so the Hour period-pairs are expressible in terms of three period-pairs 
04, OF 3 @3, @2 5 7@, + 805, 70, + sm,’ 
Thus there are not more than three linearly independent period-pairs. 


Next, suppose that one of the three quantities k, 1, m, say &, is incom- 
mensurable, while the other two are commensurable. When J, m are expressed 
in their lowest terms, let the integer D be the least common multiple of their 
denominators, so that we can write 

Pal eene 
Ds Le 
Then 


Do, —l'o, — mo, =kDo, , 
Do — lo, — m'o, = kDoy. 
Now kD, like k, is incommensurable; hence, expressing it as an infinite 


continued fraction, and denoting two consecutive convergents by p/q and 
pq, we have 


(pee 
q 


where the real quantity @ is such that 1 >@>-—1. Thus 


(ae @, and (P = @, 
q 49 q gq 


are a period-pair, and therefore also 


P = (2 =) ; } 
Sap a (ee 5) gq aE @, — PO, 
a(t oe Oe NG eae - 
that is, 
. 6 6 


= (0) and 3 w,, 
q afl 


are a period-pair. We may take q’ as large as we please, for the continued 
fraction is infinite; and the circumstances thus give rise to infinitesimal 
periods. 


Next, suppose that two of the three quantities &, /, m are incommensurable, 
say k and J, and that m is commensurable, equal to X/u, where » and yw are 
integers. Then our relations can be taken in the form 


pO, — oO; =kwo, + luo, bo, — do; = kwo,' + lwo,. 
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But, writing 

@; = LO,— Os, @; = po, — ro, 
and denoting kw and lu by k’ and l’ respectively, we have 

o,=kio, +o, o = k'o + l'o/, 


where & and l’ are incommensurable, while , and w, are a period-pair. 
Again it is known* that, by successive linear combinations of the period so 
always as to give a period, we can change @, into 2, (and @,’ into 2. by the 
same algebraic relations) so that 

|o.|< 4/0], | ws | Z 4 | 02, 


and at the same time have relations 


’ 


O; = ko, “ PGs Ws, = ko a [” Ma 


where both k” and 1” are incommensurable. The process can be continued 
to any extent, by successive combinations of the period-pairs; so ultimately, 
we can construct an infinitesimal period-pair. 


Lastly, we have the case when all the quantities &, J, m are incom- 
mensurable ; and we assume that the ratios k:1:m also are incommensurablet. 
Then we express k as a continued fraction, which of course will be infinite ; 
taking any convergent 7/s, we have 


where always 7 and s are integers, and w# is a real quantity such that 
l1>a>-—1. Also let t, be the integer nearest to the incommensurable 
quantity si, and t¢, be the integer nearest to the incommensurable quantity 
sm; then we have 

st —-,=—A,,) an —.=—A,, 
where A, and A; are incommensurable quantities, each in numerical value 
being less than 4. Thus 


x 
SH, — 7, — t@, — t@3 = isthe + A,w, + A;a@s, 


v 


so, —7ro, —t,o, —t,0; = - @, + A,o, + Aza,’ 


Again, as A, is an incommensurable quantity, let it be expressed as a con- 
tinued fraction; taking any convergent p/o, where always p and o are 
integers, we have 


* See my Theory of Functions, § 108. 


+ The alternative suppositions, for the last case, and for the present case, are left as an 
exercise. 
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where y is a real quantity such that 1 >y>—1. Also let ¢, be the integer 
nearest to the value of cA,, and write 

oA,=t,+ V, 
where V is an incommensurable real quantity less than 4. We then have 


ws 
o 


y 


x 
o (Sa, — Tw — ta. — t, w;) — po, — tha; =o e @/ +o, + Vo, ; 
o 


x 
o (SW, — TW, — t@, —t,@3) — pa: — tsas a O +o, +Vo;, 


the quantities on the left-hand side are a period-pair, which can be denoted 
by ©, and ,/. 


Now take an advanced convergent for 4,; we have o very large, and so 
the values of yw,/o and yw,/o are infinitesimal. Take a much more advanced 
convergent for k, so that s is very large compared with o; the values of 
ox#,/s and c#w,/s are infinitesimal. We thus have a new period-pair Q, 
and ©’, such that 


| 


xv z : 
Qs, [b= oo, +2, + Vos) <$| 0 i 
i | 
x 
| O¥ =| ooo +2 w+ Vor'| < $ | 0%. 


Our relations now have the form 
O,=kh’'o, +Vo,+m™O,, of = ko, + Vo.+m Oy, 
where the quantities k’, 1’, m’ fall under one or other of the cases already 
considered. Either we have not more than three period-pairs; or we have 
infinitesimal periods; or all the quantities k’, l’, m’ are incommensurable, 
while 
| QX3|< Flas, |2s°|< 4] es’. 

In the last event, the same kind of transformation can be adopted; and by 
appropriate choice, we can form a new period-pair 0, Q,’, such that 


| Os) < $] Qs], | Os] < $].0,'|. 


And so on, in succession. By taking a sufficient number n of transformations, 
each of the preceding type, we ultimately can construct a period-pair ®, and 


®,’, such that 
i 


| 1 | 7 7 
| Ps] < x] @s!, | Bs I< Gn | @s : 
that is, by taking x sufficiently large, we should have an infinitesimal 
period, 
It therefore follows that, if we have two relations 
Aw, + Bo, + Co; + Do, =0, 


Aw, + Bo, + Co,) + Do = 0, 
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between four period-pairs, where the coefficients A, B, C, D are real quantities, 
either there are not more than three period-pairs, or there are infinitesimal 
periods for the variables. 

Accordingly, when we have to deal with uniform analytic functions of 
two variables, there is nothing in the preceding analysis to exclude the 
possession of even four period-pairs, when these pairs are linearly independent 
in respect of combinations between their respective members. 


127. For the remainder of the proposition in § 125, it is necessary to 
consider the possibility of the existence of five period-pairs: if this be ex- 
cluded, then a fortiori we need not consider the existence of more than four 
period-pairs. 


For this purpose, let there be four period-pairs of the kind postulated in 
the theorem such that, if 


@s= 0, +18,, Ws =O, +7185, 
(for s=1, 2, 3, 4), the determinant 


a, Qa, a3, Os | 
| 
| 


Bi; Bs, ee By 
does not vanish. When this last condition is satisfied, we cannot have 


relations 
M, & +My A + M3 A, + Mm, a, =0, 


MB, +m,8, +m;B; +8, =0, 
My, Oy + Mz A + Mz As +m, ay =0, 
m, BY + mB, + m;By +m,B/ = 0, 
for any set of real quantities m,, m., m3, m, other than simultaneous zeros. 
The exclusion of the first pair of these relations excludes a relation 
My @, + My @ + M303 + Myo, =0, 
and conversely ; and the exclusion of the second pair excludes a relation 
M,@ + M,@y + M301 + Mo = 0, 
and conversely. Hence, after the preceding lemma, we infer that our uniform 


analytic functions may possess four periods, or fewer than four periods; and 


they do not possess, as they cannot be allowed to possess, infinitesimal 
periods. 


Now suppose that a uniform analytic function f(z, 2’) possesses, in addition 

1 ‘ = ; TiC ore Ge = 0 

to four given linearly independent period-pairs @,, @,/; @y, @s } @3, 4 ; Gis Oe. 
also a fifth period-pair, say w;, o;. Let 


oe 2 , / . 
OO; = a,+78;, @; = 4; a. t6e. 
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Then, with the preceding hypothesis of the non-evanescence of the determi- 
nant (a, 8, a, B,/) in the customary notation, the equations 


Os =, +p AM + Ns As +N, Oy, 
Bs =M™B, + mB. +7383 + 248s, 
As = 1, Gy + Ny M +3 A, + 1, Oy, 
Bs = m By + NBs ats n; By. +k ns Bu, 


determine uniquely four real finite quantities 7, 2%, 23, m4; and they are such 
as to secure and to require the equations 


@; =MO, + NW. +N3O@3 + N44 
/ iy / / / . 
M; = 1,0, + MO. + NzOW3 + N4O4 


It therefore is necessary to consider the conditions, under which these 
equations are possible. 


The analytical consideration of the conditions follows a general march 
similar to that followed in the establishment of the preceding lemma. The 
results therefore will only be stated, without further proof. They will relate 
only to the most general case when no one of the six ratios m:n: M3: M4, as 
determined by the elements of the four period-pairs is an integer; the 
alternative is to provide only less general cases. We find 


(7) when all the real quantities ,, 7, 3, m; are commensurable, 
the formally five period-pairs can be expressed in terms of not more 
than four period-pairs :— 


(ii) when one (and only one) of these quantities is incommensurable, 
then an infinitesimal period-pair exists :— 


(iii) when two of these quantities are incommensurable, then cer- 
tainly one infinitesimal period-pair exists, and possibly two such pairs 
exist :— 


(iv) when three of these quantities are incommensurable, then one 
infinitesimal period-pair certainly exists, and three such pairs may 
exist :— 


(v) when four of these quantities are incommensurable, then one 
infinitesimal period-pair certainly exists, and four such pairs may 
exist. 


It therefore follows that for any uniform analytic function, which is really a 
function of two (and only two) independent complex variables so that it 
cannot possess infinitesimal periods, there may be four period-pairs, and 
there cannot be more than four linearly independent period-pairs*. 


* Tt is a tacit assumption, throughout the preceding investigation, that an infinitesimal 
period-pair w and o’ for z and z’ means a period-pair for which both | w| and |w’| are infinitesimal. 
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128. Now that we have established the result that a uniform analytic 
function of two complex variables cannot possess more than four linearly 
independent pairs of periods, so that we should have 


F(Z+ ,@, + M0, + M03 + M,0,, 7 + Ma + M0) + M,0; + m,o/) =f (Zz, 7), 
for all integer values of m,, m,, m3, m,, positive or negative, we proceed to 
consider the various possible cases that can arise, under the significance of 


the result and within the alternatives admitted by the analysis leading to 
the result. 


For the present purpose, the case when there are no periods needs only 
to be mentioned. We then have the customary theory of the uniform 
analytic functions of two variables, which has been previously discussed in 
some detail. 


The remaining cases will be considered in succession. 


One pair of periods. 


129. Let the variables z and @ have the periods « and a’, and no other 
periods. Take new variables wu and wu’, where 
Z=au, ae’ —az=aa, 


> 


which is an effective transformation of variables unless (i) both « and a’ 
vanish—a possibility that can be excluded—or (ii) either @ or a’ vanishes. 


If a’ vanishes, we take u and z as new variables. If a vanishes, we take 
z and v as the variables, where 2=a’v. In all the cases, denoting the 
variables by w and w’, we can now take 1, 0 as the pair of periods. Hence 
the field of variation of the variables is composed of a strip in the u-plane of 
breadth unity, measured parallel to the axis of real variables, and the whole, 
of the w’-plane; and the uniform function in question can be expressed as a 
uniform function of e7™” and w’, 


Two pairs of periods. 
130. Let the periods be 
for 2; =@ | =, 
“, =aJ’ = 4 
respectively, in bracketted pairs; manifestly it may be assumed that « and a’ 


do not simultaneously vanish, and likewise that 8 and p’ do not simultaneously 
vanish. 


Choose quantities k, 1, m,n, such that 
ka+la’=1, k@+ 1p’ =0, 
matna =0, mB+np’ =1. 
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When one of the two quantities a and a’ vanishes, say a’, and neither of the 
two quantities 8 and #’ vanishes, we take m=0; and when one of the two 
quantities 8 and #’ vanishes, say #’, and neither of the two quantities a and 
a vanishes, we take k= 0. As will be seen, all the other possible special 
cases are included in the one special case that is to be considered. 


The values of k, 1, m, n are given by 
k(aB’—aB)= B, m(aB’—a’'B)=—a’, 
L(ap’—a’B)=-B, n(ap’—aB)= a; 
and these values are determinate and finite unless 
ap’ —a’B=0, 
First, suppose that a8’ —a’8 is not zero—which, of course, is the more 
general case. Introduce new variables wu and wu’, such that 


u=ke+lZ, wW=mze+nzZ; 
and then the period-pairs of these new variables are 
fore ae | =(0 
uu, = OJ (Sei 
respectively, in bracketted pairs. The field of variation of the variables is 
composed of a strip of unit breadth in the u-plane and of a strip.of unit 
breadth in the w’-plane, the breadth of each of the strips being measured 


parallel to the axes of real quantities in the planes. The uniform function in 
question can be expressed as a uniform function of e7” and e7", 


Next, suppose that a@@’—a’B is zero—which, of course, is a special case. 
As a and «@ may not be zero simultaneously, let « be different from zero; and 
as 8 and £’ may not be zero simultaneously, let @ be different from zero. 
Then there are two alternatives 


(i) when both a’ and f’ vanish: 


(ii) when neither a’ nor #’ vanishes, and then we have 
a’ icf 
a oa B ? =C, 
say, where ¢ is not zero nor infinite. 

As regards (1), the variable z has periods a and 8, while the variable 2’ is 
devoid of periods: and in order that a and 8 may be effective distinct periods 
for z, we must as usual have the real part of ta/8 distinct from zero. The 
field of variation of the variables is composed of the customary a-8 parallel- 
ogram in the z-plane, and of the whole of the z’-plane; and the uniform 
function in question can be expressed as a uniform function of @(z), @’ (z), 
and z’, where g(z) is the customary Weierstrassian doubly-periodic function 
with periods a and £. 


a 


F. 15 
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As regards (ii), we keep the original variable z; and we introduce a 

variable v such that 
Vx we = 02. 

When z and 2 have the periods a and a’, then v has zero for its period ; and 
when z and 2’ have the periods 8 and #’, then again v has zero for its period. 
Accordingly, when we take z and v for variables, the periods of z are a and B, 
while the variable v is devoid of periods, The uniform function in question 
can be expressed as a uniform function of @(z), @’ (z), and v, with the same 
significance as before for @(z) and the same requirement as to the real part 


of 2a/B. 

Should the requirement as to the real part of 7a/8 not be satisfied, either 
there is an infinitesimal period, or the two pairs are equivalent to one pair 
only. In the former case, there is no proper uniform function with the 
periods; in the latter, the periods are not effectively two pairs of periods. 


Three pairs of periods. 


131. Taking the variables to be z and 2’ as before, let the periods be 
for 22 a} =B\ ae 


where manifestly no pair of quantities in a column can vanish simultaneously. 
Thus @ can vanish, and a’ can vanish; as they may not vanish together, there 
are three possibilities for the a, a’ pair. Similarly for each of the other two 
pairs; so that there are twenty-seven possibilities in all. They can be set out 
as follows. 


A. When all the quantities a’, 8’, y’ vanish, the period-tableau is 


(0, iy 0), (A); 


no one of the quantities a, 8, y can vanish: there is one case. 


B. Let two of the three quantities a’, ®’, y’ vanish, but not the third of 
them; there are three possibilities. When y’ is the one which 
does not vanish, then neither a nor 8 can vanish; and we can have 
two alternatives, viz. y vanishing, or y not vanishing. The period- 
tableaux are 


Cas v), ay; (0 5 Y), (B); 


each is typical of three cases. 
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C. Let one of the three quantities a’, 8’, y’ vanish, but not the other 
two; there are three possibilities. When a’ vanishes, then a cannot 
vanish: and as £’ and y do not vanish in that event, we can have 
four alternatives, viz., 8 and y, either vanishing or not vanishing, 
independently of one another, The period-tableaux are 


e & uh (e); {0 2 %), (C0): 


Hae) athens 

(0 Be ry > (Cs) ; 0, Bs /) ? (C,); 
each is typical of three cases. 

D. Let no one of the three quantities a’, 8’, y’ vanish; there is only a 
single possibility. But as regards a, 8, y, there are eight alter- 


natives, viz., they may either vanish or not vanish, independently 
of one another. ‘The period-tableaux are 


ie 2 .), Dos @ 2 .) Do: 


ecatana co aie 

a’, BY, y/, (Ds); Dany Jx\(Da)s 

Among these, (D,) and (D,) are one case each; (D,) and (D,) are, 
each of them, typical of three cases. 


132. As regards the kinds of functions considered, no generality can be 
lost by assuming that a function is substantially unaltered 
(1) when one period-pair is interchanged with another period-pair: or 


(11) when linear transformations are effected upon the variables, coupled 
with corresponding linear transformations upon the period-pairs: 
and, in particular, when the variables are interchanged provided 
that the periods are interchanged at the same time, each combined 
period-pair being conserved. 


Under the first of these assumptions, the three cases typified by (B,) 
become one case only, of which (B,) will be taken as the tableau of periods. 
The same applies to (B,), (C1), (C2), (Cs), ( C,), (D,), and (D;), in succession. 


As regards (B,), when we replace the variable z by u, where 


Wage ee 
of 


(0 i ) 


the case becomes (8,), and therefore needs no separate discussion, 


the periods for wu and z’ are 


15—2 
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It is convenient to consider next the case (D,). Let four quantities 
k, l, m, n be chosen so that 
ka+ ld’=1, kB+ Ip’=0 
matna=0, mB+ne’=1 


2) 


their values are given by 

k(ap’—a’B)= Pf’, m(ap-aB)=-—a) 

l(aQ’—aB)=—B, n(@B’—ap)= a‘ 
When af’ — a’8 does not vanish, the values of k, 1, m, n are determinate and 
finite ; when it does vanish, the selection cannot be made. 


Accordingly, in the first place, suppose that a8’ —a’8 does not vanish. 
No generality is then lost by assuming that y@’—'8 does not vanish and 
also that ay’ — a’y does not vanish; for the alternative hypothesis as to each 
of these magnitudes leads, by the permissible interchange of period-pairs, to 
the case when af’ — a8 vanishes—a case yet to be considered. Now write 


u=kze+le, w=mze+nzZ, 
p= ky + ly’=(y8" — 9B) + (48 — #B), 
p= my + ny = (ay’ — ay) + (a8’ — a’), 
where the new variables w and w’ are independent of one another because 


kn — lm, = (a8 — a8), is not zero, Thus the uniform function in question 
becomes a uniform function of u and w’, with the tableau of periods 


a 0, a 

O. De sabdss 

In the second place, suppose that a6’ — a’8 does vanish. Then 
aus 
CecaG 


say. Introduce two new variables wu and w’, defined by the relations 
Ry nae 3 
of mey 
which are definite and provide independent variables when y’ —cy does not 
vanish. The period-tableau for wu and w’ is 


( B, 0 ) 

0, 0, y —cy/; 

and so the case is inclusible in (B,), provided y’—cy does not vanish. If 
however + — cy does vanish, so that 


Uu 


/ / 
yo 008 
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we retain the variable z and take a new independent variable v, where 
v=w'—cu; the period-tableau for z and v is 


a, B, ie 

(0, 0,07, 
and so the case is inclusible in (A). Thus no new kind of function, other 
than those already retained, arises out of (D,) when a8’ — a8 = 0. 


Now consider the cases under ((). The case (C,) is included in (D,) 
unless Bry’ — B’y vanishes. When this quantity does vanish, we have 


eer 

Wa) Sas ee k, 

Brivy 
say; we take a new variable u, where wu = z-— kz’, and then the period-tableau 
for u and 2’ is 

(e OF 0 \ 


0, ios 9’ / ? 
that is, the case is inclusible in (B,). Thus no new kind of function, other 
than those already retained, arises out of (C4). 


The case (C,) is inclusible in (D,). 


The case (C;), by interchange of period-pairs, becomes (0,) and so is 
inclusible in (D,). 


The case (C,), by interchange of variables together with the proper inter- 
change of periods, becomes (B,). 


Similarly for the cases under (D). The case (D,), by interchange of 
variables together with the proper interchange of periods, becomes (C,) and 
so provides no new kind of function. In the same way, the case (D;) becomes 
(B,), which is inclusible in (B,); it therefore provides no new kind of function. 
And, in the same way also, the case (D,) becomes (A). 


Hence the surviving independent cases are (A); (B,); and the case which 
has emerged from (D,). These will be considered now in succession. 


' 133. We can dismiss the case (A) very briefly. There are no periods 
for 2’. There are three periods for z; so that, in effect, the uniform function 
is periodic in a single variable only. But, in such an event, there cannot be 
more than two periods at the utmost*; hence the case either is impossible, 
or is degenerate by falling into a class of doubly periodic functions of two 
variables already considered. 


The case (B,) can also be dismissed briefly. In all the functions which it 
provides, the double periodicity in z alone and the single periodicity in 2’ 
alone are independent of one another. Even when the double periodicity 


* Theory of Functions, § 108. 
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does not degenerate, the function in question is a uniform function of 
Q(z, a, 8)—with @'(z, a, 8)—and e**; its triple periodicity in the two 
variables combined is not a proper triple periodicity, for it is resoluble into 
the double periodicity in one variable alone and the independent single 
periodicity in the other variable alone. 


It remains to consider the case which has emerged from (D,). This case 
provides uniform triply periodic functions, for which the triple periodicity is 
proper and not resoluble as it is in the case(B,). We have seen that, without 
any loss of substantial generality, the tableau of periods for the variables z 
and z’ can be taken in the form 


where neither w nor p’ vanishes. 

Further, both » and yp’ cannot be purely real. If, for instance, « were 
real and commensurable (equal to p/q, say, where p and q are integers), then 
a set of periods is 


te 0, oe 
0, 1% qu’ > 


6 0, .) 
0, if qu’ ’ 


which is an instance of (B,). Similarly, if u’ were real and commensurable. 


that is, 


If » and p’ were real and, after the foregoing cases, were incommensurable, 
then the function would have infinitesimal periods. Thus let the supposed 
incommensurable quantity ~ be expressed as a continued fraction and take 
an advanced convergent to its value, say p/q; then 


p € 
=- 4. 
Gis G 
where 0 <je| <1, so that 


Thus a set of periods is 


nee ae 
As p’ is incommensurable, so also is qu’; let it be expressed as a continued 
fraction and take a convergent r/s to its value, so that 


where 0<||<1; thus 


134] PAIRS OF PERIODS 231 


Accordingly, a set of periods is 
One Z 
q 


1 
0, . ee 
When we take s very large and q/s also very large, the quantities 
€ 7" and 7 Pe 


are infinitesimal: that is, we should have an infinitesimal period-pair—a 
possibility that is excluded. Thus pw and yp’ cannot be simultaneously real. 


The most general case arises when neither w nor w’ is real: and we shall 
assume that, henceforward, we are dealing with this case. It is to be remem- 
bered that, in effecting the linear transformation upon the variables so that 
1, 0; and 0, 1; are two period-pairs, we have used the constants of relation. 


Moreover, as the periods in the tableau can be linearly combined in 

simultaneous pairs, we have 
wt+p.l+q.0, pw’ +p.04+¢q.1, 
that is, 
H+P w+ 

as a period-pair, p and q being any independent integers; and this period- 
pair can replace w and yw’ in the tableau, for any values of p and g. Let 
these integers be chosen so that the real parts of w+p and p’+q, say 
R(w+p) and R(u'+q), satisfy the conditions 


O<R(wt+p)<1, 0<R(wt+q)<l. 


Assuming this done it follows that, without any loss of generality in the period- 


tableau 
Ga 
Oy 


0<R(w)<1, 0E€R(v)<1, 


while neither of the quantities w and pw’ is purely real; moreover, this is 
effectively the general tableau for the proper triple periodicity of uniform 
functions of two variables. 


we can assume that 


134. The field of variation of the two independent variables occurring in 
uniform triply periodic functions can be assigned in two ways, which can be 
used in complementary fashion and will leave open an element of arbitrary 
choice. Let c and c’ denote simultaneous values of the variables z and 2’; for 
purposes of convenience we shall assume that they are a pair of ordinary non- 
zero places of two uniform triply periodic functions with which we may have 
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to deal. Moreover, we shall assume at once that the functions in question 
possess no essential singularities for finite values of the variables; and we 


shall take 
EO; 2 
(0, 1, pw 


as the tableau of the periods, with the due restrictions on pw and p’. 


Owing to the period-pair 1, 0, we can reduce any point in the z-plane to 
a point in, or upon the boundary of, a strip enclosing c, without thereby 
affecting the position of 2 in its plane. Similarly owing to the period-pair 
0, 1, we can reduce any point in the z’-plane to a point in, or upon the 
boundary of, a strip enclosing c’, without thereby affecting the position of z 
in its plane. Accordingly construct in the z-plane a parallelogram having 
c,¢+1,c+p,c+1+ pas its angular points; and produce, to infinity in both 
directions, the side joining c to c+ w and the side joining c+ 1 toc+1+y. 
Similarly construct in the z-plane a parallelogram having c’,c’+ 1c+yp’, 
e+1+ wy’ as its angular points: and produce, to infinity in both directions, 
the side joining c’ to c’ +’ and the side joining c+ 1 toc’ +1+yp'. 

Then, for our triply periodic functions, we can choose a complete field of 
variation in two ways. By the first choice, we allow z to vary over the 
parallelogram constructed in its plane, while we allow z’ to vary over the 
strip between the two infinite lines drawn in its plane. By the second choice, 
we allow z to vary over the parallelogram constructed in its plane, while we 
allow z to vary over the strip between the two infinite lines drawn in its 
plane. For special purposes, it may prove convenient to contemplate both 
the fields simultaneously, even though each field by itself is complete for the 
triply periodic functions. 


But we do not obtain a complete field if we limit the simultaneous 
variations of z and 2’ to the two parallelograms drawn in the two planes. 
For, in effect, such a field would give 


& (Te Oe - 
0,40 1 je 
as the period-tableau; and then there would emerge a repeated double 


periodicity, one in z alone, the other in z’ alone; that is, we should have a 
degenerate quadruply periodic function, instead of a triply periodic function. 


Four pairs of periods. 
135. Again denoting the variables by z and 2’, let the periods be 


for 2z, ia =B) 2% Bre 
Pa ge sia gees ETCH 
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where manifestly no pair of quantities in a column can vanish simultaneously. 
Thus there are three possibilities for each pair of periods; and each possi- 
bility for a pair is unaffected by the possibilities for any other pair. Hence 
there are eighty-one possibilities in all; they can be set out in a scheme, as 
follows. 


A. When all the quantities a’, 9’, y’, 6’ vanish, the period-tableau is 


a, B, > "| 
\0, 0, 0, 07, (A); 


no one of the quantities a, 8, y, 6 can vanish; there is one case. 
B. Let three of the quantities a’, 8’, y’, & vanish, but not the fourth; 
there are four possibilities. When 6’ is the one which does not 


vanish, then neither a nor 8 nor y can vanish; while 6 may or 
may not vanish. ‘Thus the period-tableaux are 


@ BLY a ie BL % 4 
0, 0, 0, om > (B,); 0, 0, 0, oo 5) (B,); 
each is typical of four cases. 


C. Let two of the quantities a’, 8’, y’, 8’ vanish, but not the other two. 
The period-tableaux are 


ee As coe eee: 
(6, A e >) ay; (0 a z ), (C,); 


each is typical of six cases. 


D. Let one, but only one, of the quantities a’, ®’, y’, & vanish. The 
period-tableaux are 


is iS; Mh 2) (Fite V5 ) 
0, jeih y; o ? (Ds 0, B; y, o p) (Dy; 
a, foie 0, 6 a, 0 pY» 8 
6 Se Y’, y), (D3); (6, Ss Y; ¥), (D,); 
i reel ee 
Oe 07/3, ODs) NO; By, 8 /.,,(Ds); 
(ees ai) 
0, Ba y; & > (D,) ; 0, toh Y; o > (Ds) ; 


each is typical of four cases. 
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E. Let no one of the quantities a’, 8’, y’, 8’ vanish. The period-tableaux 
are 


con y a) (A); ee a 4) (B); was " = (Ey); 


Oe Bae) ce ee) 

( BS y; o ? (#,); a’, ee Y, o >» (Es); 
of these, (Z,) and (#,) are each one case; (/,) and (#,) are each 
typical of four cases; and (#;) is typical of six cases. 


136. As regards the kinds of functions considered, the same assumptions, 
as to the interchangeability of period-pairs and as to the linear transformations 
of the variables without detriment to the generality of the functions, will be 
made as were made (§ 182) in the discussion of the triple periodicity. 


Consequently all the cases, of which each tableau is typical, become 
merged into a single case. 


The cases (A) and (&,) are impossible, or else the periods degenerate ; 
there cannot be uniform functions, periodic in a single variable and having 
four distinct periods for that variable. 


The cases (B,), (B,), (Ds), (#4) are impossible, or else the periods degene- 
rate; there cannot be uniform functions, periodic in a single variable and 
having three distinct periods in that variable. 


By taking a variable w instead of z, where 


U=2— ats Zz, 
oy 
the tableau of periods in (C;) is changed to a tableau of periods for w and 2’ 
represented by (C3) or (C,). Also by interchange of period-pairs, (C;) becomes 
(C,); hence (C,) and (C,) are the only cases under (C) that require con- 
sideration. 


By interchange of variables and the proper interchange of periods, (D,), 
(D5), (D;) become (C,), and so require no separate discussion ; and similarly 
(#;) becomes (C,), and can therefore be omitted. 


By interchange of period-pairs, (D,) and (D,) become (D,) and so they 
require no separate discussion. 


By interchange of variables and the proper interchange of periods, (Z,) 
becomes (D,) and can therefore be omitted. 


Consequently, the cases that survive for further consideration are (C}), 


(C), (D1), (D4), (4). 
As regards (D,), change the variables to u and w’ by the relations 


z=au, 2= Pu, 
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and write B=anr, d=ayu, y =f, 8 =8'y’; the period-tableau for the 
variables w and w’ is 
in ODN 7) 


OLN ties 
which temporarily will be called (F). 
As regards (C,), a similar change of variables, viz., 
g=au, 27=du, 
leads to a special form of the period-tableau (#) in which 2’ is zero. 
Assuming this included in (F'), we have no new case out of (C,). 


As regards (C,), we have a function, which is doubly periodic in 2 alone 
with periods a and 8, and is also doubly periodic in 2’ alone with periods 7 
and 6’. The functions thus provided are undoubtedly quadruply periodic, 
but the periodicity has an isolated distribution; they will therefore be 
omitted, as not belonging to the class of functions having proper quadruple 
periodicity. 

As regards (D,) and (Z,), we effect linear transformations of the variables 
of the type 

u=kzt+lz, w=met+nz, 
where the quantities k, J, m, n are determined by relations 

ky + ly’ =1, my+ny =0, 

ké+18’=0, md+n0’=1. 
Different cases arise as under (D,) in the discussion of triple periodicity : and 
we find either 


(i) a period-tableau, with new variables, represented by (/); or 
(11) cases already decided; or 
(iii) cases that are impossible or degenerate. 


Consequently it follows that properly quadruply periodic functions, which 
are uniform and involve only two variables, can be modified as to their 
variables so that they have 

& OS ON a 
Oa ee Ven 


137. Now it is a property of quadruply periodic uniform functions, on 
the Riemann theory, that (for this tableau) the relation 


for their period-tablean. 


VN =p 
(or else X=y’) holds. Further, Appell* has proved, by analysis and reasoning 
quite different from those adopted for the discussion of functions on a Riemann 


* Liouville, 4™° Sér., t. vii (1891), pp. 157 sqq. 
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surface, that this relation holds in general for a properly quadruply periodic 
uniform function, that is, by change of the variables and by the association of 
appropriate factors, the function can be made to depend upon others which 
possess this property. But under both theories, the property emerges from 
the discussion of the functions themselves, whereas the preceding investigation 
deals only (or mainly) with the mere transformation of the periods ; the 
property apparently cannot be deduced at this stage solely from the preceding 
considerations. 


Just as was the case with the triple periodicity when the period-tableau 
had been rendered canonical, so here also we can infer (without any reference 
to a property 1’ =m or X=’) that all the quantities A, X’, w, w’ cannot be 
wholly real; and in the most general case they will be complex and such that 
neither of the quantities X’/u, A/u’, is real. The course of the argument for 
the inference and its details are so similar to those in the earlier discussion 
that no formal exposition will be made. Moreover, the quantity X/p is not 
real, nor is the quantity X’/u’; both statements can be established by shewing 
that the contrary event would lead to a zero-period for commensurable reality 
and to an infinitesimal period for incommensurable reality. 


138. One difficulty, however, now arises; it is connected with the 
geometrical representation of two independent complex variables, which 
has already been discussed. Putting aside for the moment the method of 
representation in four-dimensional space, partly because of the difficulty of 
framing mental pictures in such a region, and partly because the representation 
does not by itself seem to retain sufficiently the individuality of the variables, 
we have the representation by means of the combined points in the z-plane 
and the z’-plane. 


But we cannot construct a region in the.z-plane and a region in the 
z’-plane that shall suffice for the field of variation of z and z within their 


AN 


oO a A 


periods. Take any origins in those planes; in the z-plane, let the points 
a, b, c represent the values 1, X, ~; and in the z’-plane, let the points a’, b’,c 
represent the values 1, d’, »’; and complete the parallelograms as in the 
figures, so that the points a, 8, y, § respectively represent the values \ + u, 
1+yp,1+2,1+2+4y, and similarly in the z-plane. No one parallelogram 
such as Oa8c0O is sufficient for the representation of z; for there is a portion 
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of the parallelogram ObacO not included, and there is a portion of the paral- 
lelogram OaybO not included. The double parallelogram OaybacO is not 
sufficient, because there is a portion of the parallelogram Oa@cO not included ; 
moreover, the whole plane could not be covered once and once only by 
repetitions of the double parallelogram keeping unchanged the orientations 
of the sides. In the figure, the parallelogram Oa§8cO is partly excessive and 
partly deficient; for the interior of the small parallelogram between ab, by, 
a8, Bc is reducible to another part of OafcO. The triple parallelogram 
OayéacO is excessive ; for much of its area (the part outside the parallelogram 
Oa8cO) is “reducible” to the area within that parallelogram, and also the 
whole plane could not be covered, once and once only, by repetitions of the 
triple parallelogram keeping unchanged the orientations of its sides. 

The same remarks apply to the z’-plane, in connection with the figure as 
drawn. 

Thus, neither by means of parallelograms, nor by means of strips in 
the two planes of reference, is it possible to obtain definite unique and 
complete limited fields of variation for z and z’, that shall discharge for 
quadruply periodic functions of two variables the same duty as is discharged 
for doubly periodic functions of a single variable by the customary period- 
parallelogram. 

But by taking an associated two-plane variation of the real variables 
x,y, vy’, the deficiency can be supplied for one purpose. This representation 
is as follows*. For a quadruply periodic function, with the period-tableau 


& OMEN: an 
ON AS es 


we resolve A, mw, A’, w’ into their real and imaginary parts, say 
Nea +06, peepid, Nea wb, p= Fd; 
then every place, differing from z, z’ only by multiples of the periods, can be 
represented by 
e+iytptr(a +ib)+s(c +d), 
a+tiyt+qtr(a t+ iw')+s(c +id). 
Take two planes; one of them to represent the variations of y and y’ with 
reference to O’'y and O’y’ as rectangular axes, the other of them to represent 
the variations of « and a’ with reference to Ox and Oz’ as rectangular axes. 
In the y, y’ plane, let B be the point b, b’ and D the point d, d’; and com- 
plete the parallelogram DO’BF. In the a, «’ plane, lei OA =1 and OC =1; 
and complete the square COA #. 
Then the integers r and s can be chosen, say equal to 7’ and s’, so that 
the point 
yt+rb+sd, ytrb'+s'd, 
* For this suggestion I am indebted to Professor W. Burnside, who communicated it to me 
in a letter dated 14 January 1914. 


238 TRIPLY PERIODIC [CH. VIII 


lies within or on the boundary of the parallelogram O’BFD; let this point 
be Q. Then every point, which is equivalent to y, y’, in the sense that its 
coordinates are y+rb+sd, y’+rb’+sd’, is equivalent to Q and lies outside 
the selected parallelogram. 


y' fe 
Cc E 
*P 
0" fe) A a 


Again the integers p and q can be-chosen, say equal to p’ and q’, so that 
the point 
e+ptratse ytd tratse 


lies within or on the boundary of the square OAHC; let this pomt be P. 
Then every point, which is equivalent to a+ra+s‘c, y+7’a'+<s'c’, in the 
sense that its coordinates are x+p+ratse, y+q+ra +s’, is equivalent 
to P, and lies outside the selected square. 


It follows that, in connection with a place z, 2’, and with all places 
equivalent to it in the form 


ztp+rr+su, 2 +qtrr +sy’, 


we can select a unique point @ within the y, y’ parallelogram, and then 
associate with it another unique point P within the a, w square. We take 
the point-pair QP as representative of the whole set of places that, in 
the foregoing sense, are equivalent to z, 2’; it is given by the specially 
selected place 

ztp+rrA+sp, 2+q+rr' +5'u’. 


Uniform triply periodic functions in general. 


139, It is known (Chap. v) that a uniform function f(z, 2’), which can 
have poles and unessential singularities but which has no essential singularity 
lying within the finite part of the field of variation, can be expressed in the 
form 

yr me) 

f@2)=Fe), 
where $(z, 2’) and  (z, 2’) are everywhere regular within the finite part of 
the field of variation. 
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We shall therefore proceed from this result, specially for the purpose of 
deducing* some initial properties of triply periodic functions that are uniform. 
We denote the period-pairs by the tableau 


Gh a) 
SGA 2) =F (2.2), 


and because the functions ¢ (z, 2’) and w (z, z’) are regular, each of the equal 
fractions 


Now because 


o(z2+1,7) wWwz4+l,Z) 
$2) — vee)’ 
derived from the equation expressing the 1, 0 periodicity of f, is devoid of 
zeros and of poles and of unessential singularities for finite values of the 
variables: hence, as in § 79, the common value of the fractions is of the form 
e922) | 
where g (z, 2’) is a regular function of the variables. Consequently 
b(2+1, 2) =o (2 2') e007) 
v2ztlLzjy=y een: 
Similarly, through the 0, 1 periodicity of f, we have the relations 
b (2 +1) = (z, 2’) e847) 
Sn eel ore 
where also A(z, 2’) is a regular function of the variables. 
In order that the two sets of relations may coexist, we must have 
P(2+1, 2 +1) =O, 2) e9s7tnrhe,2), 
(z +1,27+1)= co) (z, z) EI s2Z)th(2+1,Z) 
and similarly for wp (z, 2’); therefore 
g(4,24+1)-g, 7) s=h(e4+1,2)-h, 2), (mod. 277). 
ve g(4,2 +1)—-g(z, 2) —2kmi=h(et+l, 7)—h(z, 2) — lr, 
where &—/ is an integer: manifestly, either & or J could be taken equal to 
zero without loss of generality. Now suppose a function d (z, z) determined 
such that 
A(z+1, 27)-AE, a“) =9, 2) — 2kmi2’ | 
(2,2 +1)-AL, “)=h(Z, &) — Aniz f 
which two equations are consistent because of the foregoing relation between 


gandh. If then 
bi (2, Y= (z, 2) e*), . Wiz, 2) = (z, 2) er); 


* This particular investigation follows the earlier sections of Appell’s memoir already quoted, 
§ 137. 
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; 1 (4, 2) 
SI, 2) = oe Zz)’ 
where the functions ¢, and wy, satisfy the relations 
b(z +1, 2)=dr(z, 2) err? Wi(z+1, Z)= Wiz, 2) em? | 
dp: (2, z +1)=¢i (4, 2’) ls } vi (Z, Z+1)j= Aan (2, 2’) Catia 
The function f(z, 2’) under consideration has » and yp’ for a third pair of 
periods. Proceeding as with the other pairs 1, 0 and 0, 1, we have 


let m2 +m) Wet 2 +H) _ yee) 
pi (4, Z) Vn (4, z) 
where m (z, 2’) is a regular function throughout the domain. By the earlier 
relations which are satisfied by ¢, and y,, and from the relation 


fi (g+l+uy, a + Ww) = emlet,Z) 
o, (2 +1, Z) : 


m(z+1, 2’)=m(z, 2) + 2ri(at ky’); 


we find 
and similarly 

m(z, 2 +1)=m(z, 2’) + 21 (B+ ly); 
where a and @ are integers. Let 


m (2, 2’)= M (2, 2’) + Qi (a+ ky’) 2+ 2 (B + lp) Z, 
so that 
M(e+1,2)=M(z, 2), M(e2+)=MN_, z); 


then both ¢, and y, satisfy the relations 
3+ ley 36 2 yer" 
3.@,4 +1)=S@ 2) e™ : 
S (2+ p, 2 +p’) = (z, 2) erilatka)yet2ni B+lujz +Me2, 2) 
where M (z, z’) is periodic with 1, 0 and 0, 1 for period-pairs, and a, 8, k—1 


are integers, 


The triple theta-functions. 


140. The formally simplest cases arise when we take 
k=0, l=0, e=—2, =—2, M(z,2)=—2mri(ut+ py’), 


and when we require that the functions shall be only triply periodic and 
must not be quadruply periodic. Then 


S(Z@+1, “)=3¢, 2), 
9 (2,2 +1)=9(, 2), 
Det pw, 2 +p’) = (2, 7) emer ete —antate) 


which (as will appear presently) are equations characteristic of functions that 
are triply periodic actually (or save as to a factor). 
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Without enquiring into the comprehensiveness of this set of functions 
S (z, 2’), we see that a large class of functions, which are strictly periodic in 
three pairs of periods, can be expressed as quotients of these pseudo-periodic 
functions. Even at the risk of a little confusion (because the title “triple 
theta-function” has hitherto been assigned to uniform functions of three 
variables which are similarly pseudo-periodic in six period-pairs), it will be 
convenient to call certain functions, satisfying relations similar to those 
satisfied by 9 (z, 2’), triple theta-functions. 

We now proceed to a more detailed consideration of their simplest 
properties, obtaining the above characteristic equations in a different manner. 


141. We denote by 1,0; 0,1; yw, uw’; the period-pairs in the variables 
z, 2. Owing specially to the first two period-pairs, we are led to consider 
functions expressible in extended Fourier-series in the form 

A(z, z’) Be s S$ GPa @(2m-+a) wiz+ (2n-to’) wiz’ 
—-D—@ 

Here o and o’ are constants, taken to be integers; m and n are integers, 
ranging from —o to + independently of one another; and the constant 
coefficients @, are supposed to be such as to secure the absolute convergence 
of the double series. 


We cannot at once declare, from the indices, that ¢ and o’ are 0 or 1, 
each of them. Thus, if o were 2, we could substitute zero for it by changing 
m into m—1, so far as the variable part of the term is concerned; but the 
change could not necessarily be made in the coefficient, for there is no know- 
ledge of the way (if any) in which a,,, contains o or o’. But we have 


d(2¢+1, 2)=(-1)" Oz, 2), 

6 (z,2+1)=(-1)" O(z, 2); 
and so we can infer that, so far as o and o’ are concerned, all the possibilities 
are covered by taking o, oc =0,1 in any combination: that is, four cases 
arise through this source alone. 


142. Our function 6 (z, 2’) is to have mw and wp’ as periods or pseudo- 
periods; so we form @(z+ 4p, 2+ p’), which is 


es ; 
> Ann € (2m+o) rit (2n-+0") rie’ + (2M+e) wizt+ (2N-+0") wiz" 


| ; 
8 Ms 


Adopting the usual process for dealing with the periodicity (actual, or save 
as to a factor) of a uniform function, we compare the coefficients of terms in 
O(z, 2’) and O(2+4y, 2+); and different possibilities occur, according to 
the different methods of grouping the terms. We definitely choose (for 
reasons that will appear very soon) to group the term in @(z+4y, 2’+p), 
which involves dy, with the term in @ (z, 2’), which involves Gmii ni. As 


! - ves en ? 
fa) (z, Z ) us See a ge 2m-+o) riz+ (Qn+o") wiz’ +27rt (+z) 


F. 16 
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we have 
O(z+p,2+p)= Bee”) A(z, z’), 
if 
Oi e2m+e) mip (2n+o') rip’ — Bap Pie. 

where B is taken to be a constant, independent of m and n. Let 

q= etrin, q = etrin! 5 
and take new quantities Cm», connected with the quantities @mn by the 
relation 

iin = Corin hig hh Dake oe 

then 

Cnn = Bog! Cm+1,n+1 

= Acti nia 
say. The pseudo-periodicity of 0(z, 2’) is now exhibited in the property 
O (a+ ph, 2 +p) = Ae me) ite) O22’), 

Further, let 

A =e =(—1)-; 


the difference-equation for the quantities cn, becomes 


Cun Oe Cm+i,n+1° 
Having regard to the form of this relation, we take 


Cmn = ettni (em+p'N) +4 (M—N) 2+Ag (M—N) 2+ 4s 


as e™ (em-+p'n) ) (m aia n) ; 
the difference-equation then is satisfied if 
pt+p =a, 
and there is no restriction, beyond the requirements that secure the con- 
vergence of @(z, 2’), upon the function ¢. Accordingly, the form of 
2Z,.2) 18 
6 (z, 2’) = >: (- 1 \eerne: q (2m+oa)2  oitid ) (m = n) e2m+o) mizt (2n-+o") wiz" 
Also, p and p’ always will be made integers—either 0 or 1; hence 
A =(-1)*=(-1)-¢+?) =(— 1p* ; 
and so the characteristic equations, connected with period-increments of the 
variables, are 


@(2+1, 2’) =(—1)* 0%, 2) 
O(z, 2 +1)=(—1)* 9@ 2) Ps 
f) (2 a L, of os uw’) a (— 1)pte e728 (2+2') —ri (utp) 6 (z, ZI 
These results, and all results connected with period-increments of the variables, 
are included in the formula 
O(z+ap+B, 2 + ap’ +7) 
= (— 1 erty (o+p’) g—2mta (e+2')—mia® ute’) O (z, 2’), 


where a, 8, y are independent integers. 


143] THETA-FUNCTIONS 243 


Manifestly, the integers p and p’ can be restricted to the values 0 and 1 
independently of one another. When it is necessary to put p, p, o,o' in 
evidence as magnitudes occurring in @(z, z’), we shall denote the function by 


0 @ p a 
: OR Clg, 24 

143. Before proceeding with any development of the properties of these 
functions @, it is convenient to indicate the reason for the selected grouping 
of the terms in the comparison of @(z+ p, 2 +’) and @(z, 2’). As already 
stated, some grouping of terms has to be made under the method adopted ; 
and the simplest grouping would compare the term in @(z+ 4p, 2’ +p’), which 
involves Qn, With either one or other of the terms in @ (z, 2’), which involve 
Am+a,n OF Om, nt: 


Suppose that a difference-equation is established between a», and 
Aman: all the following argument, mutatis mutandis, holds for the alternative 
supposition of a difference-equation between Gy, and Annu. Let it be 


Bas, e2m+o) mia (2n+o") rip! takers 


When there is no other difference-equation between the coefficients, (in 
particular, when there is no relation between Gyn and Am n+1), We take 
: en \ ain! « 
= Cnn et (210+0) 2 rip +m (2n+0") wipe : 


Amn 


and then 
a 
Cm, n = Cmn Be to? iy a CCnin; 


Cun = Cr (), 


so that 


The function becomes 
SS (- L)yoetne Va (n) Om et (2m+o)? riw+m (2n+0") ri’ + (2NM+¢0) mizt (2n-+o") wig" 
The aggregate of all the terms in the double series for one and the same 


value of n is (with the restrictions as to integer values of p and oc) a single 
theta-function of z alone: and so it becomes 


8, (2) fo (2) + A: (2) fi (@) + 92 (2) fo(Z’) + 9s (2) fs (2) 
where fy (2), A(“), fo(2), fo(@) are functions of z’ alone. It thus becomes the 
sum of four resoluble products, each of two factors: and each factor involves 
only one variable. The case is limited in generality. 


A similar result ensues when we assume a grouping which compares d4nn 
with Gm+4,,, and excludes at the same time a grouping which compares Ginn 
with @n,n+s, Where r and s are any integers. 


Further, we cannot have two distinct sets of periods for the case when 
there is only a single grouping of terms. For otherwise, we should have 
Bag. e2mto) mit (2n-+o") wipe! Omtin 


Hes Bae e (2mM-+a) TIA+ (2n-+0") min 
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for all values of m and n: hence 
X=p(mod.1), A’=yp’' (mod. 1), 


so that, when account is taken of 1, 0 and 0, 1 as period-pairs, X and 2’ are 
effectively the same as w and p’. 


On the other hand, when there is a double grouping of terms, so that Gm 
is compared with @m41,n in one of the groupings and with @m,n4: in the other, 
we have one period-pair for the first and another period-pair for the second: 
this is the case with the double theta-functions, which are quadruply periodic 
(actually so, or save as to a period). Let the difference-equations be 


Bae e2m+e) wipe (2N-+0") ripe’ __ aati 


Ca @(2in-+a) mIA+ (2n+0") rid’ — Oa ea) 


for all values of m and n. Then 


Gig a = Bain Bie e(2m-+o) mat (2n-+2+¢0") rip’ 
’ 4} > 


—- 1 2 j A) + (Qn+o') wt (w+A’) +2rie" 
== DUGnpn eo ee )+ (2n+0') wi (w )+ i le 
and 
Oasis = Cpa se Qe 2M+2-+0) rIA+ (2N-+0") win’ 

’ ’ 


— 2 L(A 2 ‘) at (A’ +p’) + 27rtA 
— BCa,,6 0 +h) + (2N-+0") wt (A! +yu') + 2rr7. : 


for all values of m and 7; hence 
Qerir = 2p’ (mod. 277), 


or, having regard to the existence of the period-pairs 1, 0 and 0, 1, we infer 
the relation 

DEW Te 
the well-known condition in the Riemann theory. 


Any other double grouping of terms gives rise to quadruply periodic 
functions. Consequently when there is a question of dealing only with triply 
periodic functions, there can be only a single grouping. When the grouping 
is such as to affect only one of the suffixes in @mp, we have seen that the 
resulting function is composite and can be resolved into a finite number of 
sums of products of simpler functions. Accordingly the grouping must be 
such as to affect both the suffixes in a,,,. The simplest difference-equation 
of this kind connects djing With @,,,: and so this is the grouping which 
has been chosen. 


144. We have taken our triply periodic function in the form 
@Q (z, z) — S> (— yearn os Xl G ea f (m i n) e (2a) miz+ (22+0") riz’ : 
and we know that, save as to a simple factor, at the utmost, @(z, 2’) has 
1,0; 0,15 », w’; for its period-pairs, whatever be the form of the coefficient 


@(m—n). The preceding discussion has indicated the reason for the choice 
that ultimately leads to the construction of the coefficient: but some special 
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cases have to be noted and rejected from the class of triply (and only triply) 
periodic functions. 

I. Let 6(m—n)=1. Then 

@ (2, Zz) =s iP? (- Dye quae’ sg Mtas. = (— 1)" 6 alana gra 
that is, @(z, 2’) is the product of two single theta-functions; and the period- 
pairs are 
ie) eed era OY 0) 
ZO ROTI 

that is, 0(z, 2’) becomes a resoluble, but quadruply periodic, function. 

II. Let 6(m—n) =e", Then 

0 (4, a) = {> (- Ty? (ota) Gree: e2mto) T {= (— eee nazis as Bedelia ; 
we have the same conclusion as in the preceding case. The function 0 (z, 2’) 
is not a proper triply periodic function. 

III. Let 

d (m hs n) us etemiem+o—2n—o')® 
where « is independent of m and n. Then it is easy to prove that, save as 
to a factor, @ (z, 7) has four period-pairs, viz. 
for z, 1,0, w+K, -K } 
SO? Ly = esi w 

the addition of the third and the fourth of the pairs giving the period-pair 
#, #. In that case, 6(z, 2’) is a’proper quadruply periodic function, being a 
non-degenerate, double theta-function; it is not a function which is triply 
(but only triply) periodic. 

Accordingly, ¢(m—n) may not have any one of the three preceding 
forms, nor any combination such as 


ui (m—n) +4eri 2m+o—2n—o')2 
> 


in order that the function may be only triply periodic. But any other form 
of d(m —n) is admissible provided, of course, that it is such as to secure the 
absolute convergence of 6 (z, 2’). 

If, in particular, for any one of these admissible forms, ¢ involves o and o’ 


so that 
$(m—n) =a function of 2m +a —(2n+e), 


then it is easy to prove that 
; p BN i, P» P» 2% 
Manet, a)! iy 0(@ a, ae 
Prachi Pinal ee p> p's a 
a(? ao +2, 4) iss eee ee), 


thus furnishing an additional reason for restricting the values of and a’ to 
0 and 1, independently of each other. 
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145. One remark may be made at this stage as to the so-called addition- 
theorem for the theta-functions. Thus it is possible to express the product 
of four double theta-functions in terms of sums of products of four double 
theta-functions of other arguments: and it is possible to express the product 
of a double theta-function of z,+ 2, 4’ +’ and a double theta-function of 
21— Zn, 2 — 2, in terms of double theta-functions of 2%, 4 and of 2, a A 
the purely arithmetical establishment of this theorem, relations 


f= ete — UL, 
Py = 4 (pr + fle + fs + pa) ea man eee 
Vy, = $ CA = Vo + V3 ap V4) es 


for arguments, parameters, and integer-indices of terms, are adopted (requiring 
that, for parameters, o,+ 0.+0¢;+0, is an even integer, and so on): and 
then 
fe= lh, Sy =i, 
Seas, fey = Spy, 22 =sr7. 


The last equations allow the transformation of a product of four coefficients 
such as 

ek (m—n +e)? 
into the product of other four like coefficients: and so renders the addition- 
theorem possible. But except for coefficients that have this quadratic index, 
the transformation cannot be effected: for instance, it could not be effected 
for coefficients such as 

ek (m—n-+e)* 

Consequently, we are not to expect an addition-theorem for our triply periodic 
function similar to that possessed by the double theta-functions. 


The sixteen triple theta-functions. 


146. Coming now more specially to the detailed properties of the 
functions denoted by 
0(? aa) 
o, o. a bf 


we have seen that, when p and ’ are restricted to be integers, it is sufficient 
to take for each of them either 0 or 1. Further, the actual values of o and 
a’ in the coefficients of the variable parts of the exponential terms would not 
be of importance as, owing to their linear occurrence, they would (if changed) 
affect only a factor common to the whole series; but they occur in the 
coefficient in each term and the occurrence is not linear, We have seen that 
a large class of these functions @ is selected from the whole body, by assigning 
to o and o” the values 0 or 1 independently of one another; but it must be 
noted that such an assignment of value is a distinct limitation upon the full 
generality of the functions. 
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Suppose then that the values indicated are assigned to p, p’, o,0 ; as 
there are two possibilities for each of the four parameters, there are sixteen 
functions in all. It is convenient to shorten the symbols of the functions: 
and so we write* 


6 te x 4 =6, = SSa, sols. oe e2mmiz + 2nmiz! \ 
0, 0, 2 2m +1)? An? 9(2 id’ 
6 i. 0 ; =6, = Xa, q! m-+1) q n? | m+1) riz + 2nriz 
y} ? z 
0, 0, z 4m? 2n+1)? 2 i 2 1) riz’ 
Epi yess = SSarg™ fe ate ae 
9(% % 4 . (2m+1)? (Qn +1)? ,(2m +1) wiz + (2n+1) wiz’ 
P) ie 0, p) yi Says Ee 1y" a ee ee e2mmiz + 2nriz! 
> 0, a is 
f) (1, 0, 3) =6, = +B (e 1)"a heh as Gee e(2m+1) wiz + 2nmiz’ 
‘lee Ol : 
1, 0,2 4m? (2n+1)2 ,2mmiz + (2n+1) wie! 
r) é ; : = 6, 393 (= Dag m (/\ m+ 1) grinmiz + ( v+1) riz 
P) ie : 4) se >> (= De , qe qr 1)2 (2m +1) wiz + (2n+ 1) riz’ 
P) es I, 2 ) =0, = >> ( ibe a. ricue qa e2mmiz + 2nmiz! 
OF Oz Fs 
f) ic 2 a =6, =>> (= 1)"a oak ike (2m +1) wiz + 2nmiz’ 
Ore ; 
r) i 5 a =6,= sy (e he a, qe ress euinmtz + (2n +1) wiz’ | 
Ove 7 ; 
r) & I; #4 =6,=>3(- Dye a. Avie x Qe (2m +1) wiz + (2n+1) wiz! | 
asl 2 S 
6 ej tere ) =6,=23(— 1y"+% g gm qa ezmmiz + 2nriz! 
0, 0, a 2 r 
P) e I 2 ) Oa SS (= Hats 0. qm: 1)? he (2m +1) wiz + 2Qnmiz’ 
| ee Oe A ea 2 
f) es iF 2 =6,= Sp e iyo a. tke gent 1) e2mmiz + (2n+ 1) riz’ | 
(ial Bae ‘ 
fa) ee i e) = O25 ss (= iar a ger ae: quay e(2m+ 1) riz+(2n+1) riz’ | 
an We 4 os . 


* The symbols adopted agree with the symbols used for the double theta-functions in a 
memoir by the author, Phil. Trans. (1882), pp. 783—862 ; the reason is that, as indicated above, 
the functions actually become double theta-functions when the proper value is assigned to the 
coefficients a,. 
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where, throughout, r denotes m—n, and the coefficient a, is an abbreviation 
for ¢(m—n, a, o’) in the respective cases. 


The law that m and n, when they occur in the coefficients, must occur in 
the combination m — n, secures the periodicity (actual, or save as to a factor) 
of the functions: thus it is essential. As will be seen later, another limitation 
will be imposed so as to secure the oddness or the evenness of each of the 
sixteen functions; but the limitation is conventional, not essential. In the 
meanwhile, we note that o and o’ are the same for the set 0), 0, 9s, A19; 
likewise for the set 0,, 0;, 0, 0:3; for the set 0, 05, A, 04; and for the set 
O21 07> 0.5; Gis: slaet 


p(m—n, 0, 0)=f (m—n) =f (r) 
$(m—n, 1, 0)=9(m—n)=g(r) 
$(m—n, 0, 1)=h(m—n)=h(r) 
d(m—n, 1,1)=k(m—n)=k(r) 


then the typical coefficient a, is 


b 


Th), for 6, Oe 0s ) 0: 
g(r), eee G;; 4;, 0, 5) Os 
DAP). atk Canal tay Ca 


k(r), tee Os, 6, On, O15 


Even functions: Odd Junctions. 


147. It is important to know the conditions that will allow any (and, if 
so, which) of these functions to be either odd or even in their arguments. 


We have 
@ (- Z- 2’) =>> (- Lec ang COL ¢' Qn+o')? g— (2m-+a) riz— (2n-+o") wiz! 
? 
where 
ay = b(m—N, o, a’). 


Let new integers m’ and n’ be chosen so that 


m+m+o=0, nt+n' +o =0; 
then 


(a) (- é, = z) a5 (- Lyeteo SS (— DERN oe ot (2n'+o")2 p(2m’+<) miz+(2n' +o") riz’ 
But 
0 (2, 2’) = > (— 1)motn'e’ Op Ser a? gama? glen ha) wiz+ (2n/+o") riz’ 
> 
where 


Cr = $(m' —n’, a, a’). 
In order to compare 6 (— z, —z’) with 6(z, 2’), we take 


d (m' —n', o, o)=h(m—n, a, a’); 
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and then 
0 (— 2, —7) =(—1)r7*"" 0 (z, Z), 
that is, @(z, 7) then is even when pa + p’o’ is even, and @(z, 2’) then is odd 
when po + p’a" is odd. 
Thus the imposition of the condition upon ¢ secures the evenness or the 
oddness of the functions. As regards the expression of the condition, let 
m —n =—7, 
so that 
m—-n=r—-cot+co; 
the condition is 
o(-1,6,0¢)=o(r—ctoa,a,c’). 
To modify the expression of the condition, let 
o(t,0,07)=Wv(2t+c-0',0,c), 
where is a new form of coefficient ; then the condition is 
W(-2r+a0-0',¢0,0¢)=W(2r—a+0,¢, 0’) 
shewing that y is an even function of the first of its three arguments. This 


is the necessary and sufficient condition, that each of the functions 6 (z, 7) 
should be either odd or even. 


One very important class of functions is provided by limiting the co- 
efficients w still further. Let it be assumed that the function wW is a 
function of its first argument only, so that the typical coefficient, which 
was }(m—n, a, a’), 18 

(2m — 2n + o — a’), 


where w is now an even function of its only argument 2m—2n+a-—a': the 
parameters o and o’ enter into the coefficient solely through their occurrence 
in this argument. If then by any change in the function 0 (z, 7), such as an 
increment of the arguments, the parameters o and oa’ are increased or are 
decreased by the same integer, the coefficient Wy is unaltered. 


It may be noted that the double theta-functions arise from one particular 
case of this last law, viz. 
vv = fy ee) 


Other simple laws can be constructed, subject always to the requirement of 
convergence; for our immediate purpose, we have also the requirement of 
merely triple periodicity. 


148. Before the final postulation of the aggregate of conditions and 
limitations upon the coefficients, consider any function @ (z, 2’), which is triply 
periodic but not otherwise limited, so that it is mixed as to a quality of 
oddness or evenness. Let 


E (z,2)=60(z,7)+0(—2,-7), O(4, 2) =0(2, 2)—6(—z, —Z2), 
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so that E (z, 2’) is certainly an even function, and 0 (z, 2) is certainly an odd 
function ; and let the series-expressions for # and O be 


E (z, Z) = >> (= 1)merne’ poe qarens 7 (2n+0/)? @(2mto) mizt (2n+o") riz | 
O ( z, 7 ) = >> (- Lyrpane line quer: 7 (2n+o")? emo) niz+ (2n-+o") riz’ ic 


Then substituting for @ in the definition of the function £, and denoting by 
Q,n (as at first) the customary part of the coefficient of the typical term in 0, 
we find 

[aes = Amn,n ar (— 1 )sotidlaed A_m—s,—n—o’+ 
Consequently i. 

m—o,n—o! = Am—a, n—o' +E (- ea = Am,—n> 

Km, —n = Am, —n + (— Leet? Om—o,n—e' 5 

and therefore 
Km, —n — (- 1 hg Kine. n—a's 

Similarly, we have 


(ape = Es (— Dee aaa: 


Moreover, by analysis that is similar to the analysis used in establishing 
the’ earlier condition that a function should be odd or even (and not mixed), 
we have 


E(-—z, —2') 

= (- Leen, SDS (- ttt k ite be GO (2m’+a)2 q (2n’+o')2 e (2m'+a) miZ+ (2n' +0") riz’ 

a > Ss (— Lyeetee Kenn gamely q (2n'+0")2 e2m'+a) mizt (2n' +o’) wiz! 

= H(z, 2). 
Similarly, we have 

O(—24,-7)=— O(4, Z). 

Consequently, even when the initial function @ (z, 2’) is mixed as regards its 
quality of oddness or evenness, we can deduce (by appropriate combinations) 
triply periodic functions which definitely are odd or definitely are even. We 


therefore have said that the limitations imposed upon the coefficients in @, to 


secure the oddness or the evenness of the function, are conventional and are 
not essential. 


Effect of half-period increments of variables. 


149. The law of reproduction of the general function @(z, 2’), when the 
arguments are increased by any combination of integer multiples of the 
periods, has already been given. We proceed to consider the laws of changes 
among the functions 6 (z, 2’), when the arguments are increased by linear 
combinations of half-periods: and these have two forms according as the 
typical coefficients in the series are taken to be $(m—n, c, 0’) in general or 
(2m + « — 2n—<") less generally, excepting from the latter the single case 
when the expression for y gives quadruply periodic functions. 
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I. Let the coefficient in 0 be $(m—n, c, 0’). We have 
a(? p; 744) nic fot lee 5) 


/ / if 
FLO 2 oad Masten 
y - 
“A ia : Jao Pris Tent 
/ / aa 
a,a,2+4+4 Cee 


a(° aie. Ae ioreg (Pt? p+ 1yzZ 


tle ed if / *, 
o,0,2+4% Grey, OA ees 


With these half-period increments, the members of the set 
A, O,, Os, O12 


are interchanged among one another, as also are the members of each of 


the sets 
¢;,, @;, 0, > Cis 


0, ? 0, ? 1 ? O15 ; 
0; > 6; ? Cy > Os 3 


the law of interchange being the same as that given in the first four columns 
of the table on p. 254. 


Further, let S& ie ee | denote the value of 6 & Re ty when, in the 
6, 02-7 F052 
latter, we take $(m—n, c—1, co —1) as the typical coefficient in place of 
o¢(m—n,o,a'). Also, let 
N=mi(e+2)+4ri(utp’). 
Then we have 


fal P; ane = eNVs ? Pp. > 2 
BN; ae o +1, 2 


ot+1,o +1, 2 


uP ye Tae OV ane views » Patel: 
ra Fees | acai o +1, 


a(? p, 2+ 3p PR) a aete peg (PTY p +41, H 
a, 0, 2 +htp'+h a+ 1,o +1; 2 


@(” Aen, wy (P +h cae, 
Oo, 
a 


It therefore follows that, with the general coefficients adopted, there is no 
interchange of the functions @ (z, 2) among one another; they change into 
other triply periodic functions 9 (z, 2’) with different general coefficients. 


There are corresponding laws of change for the functions 3 (z, 2’), when 
the arguments are increased by linear combinations of half-periods, into the 
functions @(z, 2’): this reciprocal property being, of course, due to the 
periodicity of @(z, 2’) and of S(z, 2’). 
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It is to be noted that, in all these changes, the quantity o—o is 
unchanged: so that, when the coefficient $(m—n, ¢, a’) is specialised into 
bh (2m +o —2n—o"), the functions S(z, 2’) are the same as the functions 
6(z, 2’). The functions 6 (z, 2’) would then interchange for all these half- 
period combinations; these laws of interchange will be given in the table 
(p. 254). 


Again, we have 


a(® Ps fone = g—riz—h rip a ( (P > p 2 


Cte saliie 


P» Pr 2 ere mi: p a) 
pues ) " my g,o +1, z 


ee =(-1ye- (® & £) 
a +2, a’, A co) re ee 


( 
i 
( 


o, 0 +2, 2’ GG p02 
P ? Ps Ne p-tp’ a(? Ra 2 f) 
o+2, o +2, 2 a), Gy Oils 


where ee a Ga eS Wye CS ae cere) are derived 


o,0% 2 0, 0,2 Cee, ator 


from @ le Pp 2 5A by changing its typical coefficient ¢(m-— 1, a, a’) into 
oO, o ’ 

o(m—n,o—1,0'), d6(m—n, o, 0-1), d6(m—n—-1, 6,0), d6(m—n+1,¢, 0c), 

respectively, all these functions 0+, @-, @+, @~ being triply periodic. Also 


a(? Pp TT \=C Lpeare e- poe p, | 


G, a 2 Po 2 
6 te Pp’, Zz ae =(— 1) en 2riz’—rin’ E+ use p. ) A 
a,0,2 +p’) ao, a, 2 


II. Let the coefficient in 6 be (2m + o — 2n— a’), where y is any even 
function of its argument except a constant or 
p (2m+o—2n—a') Be 
always provided that the series converges. Then the sixteen: functions 
6 (z, 2’) range themselves into two sets, the members of each set interchanging 
with one another for half-period increases of arguments, as in the first eight 
columns of the table (p. 254). 
III. Let the coefficient in @ be a special case of the last, so chosen that 
ap (2m + a — 2n — o) = pemte—an—o)" 
= edeniamto—2n—o')? 
where there are limitations upon the real parts of w+ «, uw’ +4, wy! + « (w+ p’) 
necessary to secure the convergence of the functions @. 
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The sixteen functions are now quadruply periodic (being the double 
theta-functions): when we write 


/ 


M=hK+K, Ayg=—K, An=p TK, 


the four pairs of periods and pseudo-periods are 


for a 5) 1 0, Ay ? Ah \ 


vd 


BO; 1; Gh, Gy 
The three pairs of periods for the triple theta-functions are 


for z, 1, 0, (Qu+a@.=)p 
Ze, 0, I; (dy ar Aso =) yw 


As already stated, the first four columns in the table give the laws of 
interchange for half-period increments when the coefficients in the triple 
theta-functions are quite general; the first eight columns give the laws of 
interchange for half-period increments when these general coefficients are 
limited so as to secure that the triple theta-functions are, each of them, either 
an odd function or an even function of its arguments; and now we add the 
result that the sixteen columns give the laws of interchange for half-period 
increments when the coefficients are further specialised so as to give rise to 
double theta-functions. 


150. With the definitions just given for a, d., do», we write 
L=qmizt+ihai(wetne)y=rizt+}oriay 
M= mid +4 (p+ x)= Ti + 4 ray | 
N=mi(et7)+ 4m (wtp) =m (2+2/) +400 (ay t+ 2a + S| 


and then the table is as on the next page. 


151. Of the sixteen functions, whether they are the general properly 
triply periodic functions or the more special quadruply periodic functions, six 
are odd, viz. 6,, Au, 95, 01, 93, 9:43 and the remaining ten are even, 


The table enables us to deduce a number of irreducible zero-places for 
the functions, whether triply periodic or quadruply periodic, from the fact 
that the odd functions vanish at 0,0. These zero-places are given, say for 
any function 0,, by noting that 

O(2+4uth, 2 +4y)=6,(2, 2), 
so that z=4u4+4, 2 =typ' is a zero of O,(z, 2’), and so for the others in turn. 
The whole set thus deducible is given in the succeeding table (p. 255): the 
first eight lines give the zeros when the functions are triply periodic and not 


quadruply periodic; the last eight lines give the further zeros when the 
functions are further specialised so as to become quadruply periodic. 
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TABLE OF ZEROS 


255 


But it must be remembered that each such picked zero is, for a single 
function, only a place in a continuous aggregate of zero-places: for any pair 
of functions, any simultaneous picked zero (such as 0, 0 for @; and 6,) is an 
isolated simultaneous zero. 


The table* of picked zeros is as follows :— 


iis 8 | 6, | 4 | 83 | O4 | 45 | 6 | O | 43 | 89 | B10 | O11 | 12 | G13 | P14 | P15 
0, O x x eat) ee xs || SS 
4,0 x x || & SE 
0,4 rit 4 We x x 
4,4 SPX Ke Ex x x 
Sey Se x x x | x aa ie 
Sutt, tu x x Xlex x || x 
iyseae 
gp, dp +h <i x x x x 
il 1 t 1 
gets, op +3 a hes eee ae os 
$44, $2 x x OHI EX EX x 
Say th, $a x x x x reo lees 
L415 $A42+4 Sotelo x x x 
CATE) CAVE) 
$y, +3, F4i.+3 | X x i] SES x 
£Qy2, $A x x x x x x 
ba.+4, $a; x x x ral] SST BS 
BM2T gO, 9422 
$ay2, $429 +4 % || x x x x x 
$ay0+3, bday +h x x x x x x 


Construction of functions that are strictly periodic. 


152. The results of § 142 shew that each of the sixteen 6-functions is 
periodic in 1 and 0, save possibly as to sign; also in 0 and 1, save possibly as 
to sign ; also in w and p’, save as to the factor exp (— 2ariz — 2ariz’ — trips — Trip’) 
and save possibly as to sign. The actual periods (except for multiples of w~ and 


* Both the tables may be compared with the table given by Kénigsberger, Crelle, t. lxiv (1865), 


p. 23. 
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uw’, when the variable exponential factor occurs) for the functions are as 


follows :— 
15 067.0; Lay eae f tonr@; andi; 


108-0, D2, 2a for Opane Ox. 
250" O20 ae Pea sole 
2, 0 0, 25 2p, 26 3 torad, and 6,: 
2108 Oel. We wie tior ee pana. Ce, 
210 (OMe ela es fora, and: Use; 
LOS O22 ie eis tor 0, and ys, 
TROeS OLS2h ie Qisee Storae. anare.,: 
Hence the fifteen quotients of any fifteen of the functions by the remaining 
sixteenth function are actually triply periodic (save possibly as to sign) in 
1,0; 0,1; », w’; the squares of these quotients are actually triply periodic 
in the three pairs of periods. And it may be noted that the eight quotients 
6, 0, 0, 0; am 0 4 &, 
Gee (Oi Oe Cig On Om tae) ates 
are actually triply periodic in 1,0; 0,1; yp, w’. 


, and O,,; 


The analogy of the quadruply periodic functions which arise out of the 
double theta-functions suggests that, for the triply periodic functions, we 
should take the quotients 

6, + Ary, 

where r has all the values 0, 1, ...,15 except r=12. Triply periodic 
functions thus are secured without doubt: but it must at once be noted that 
the functions are tied as to their infinities. In the simplest case, when the 
6-functions are regular for all finite values of the variables, the infinities of 
each of the fifteen quotients are the zeros of 0,, and are these alone. But 
such zeros are a continuous aggregate ; and so the simultaneous poles of the 
fifteen quotients, taken in pairs anyhow, are not isolated points: the fifteen 
quotients are tied, through the common occurrence of @,, in the denominator. 
The simultaneous zeros of any two of the fifteen quotients are isolated places, 
being the simultaneous zeros of the 6-functions which occur in their nume- 
rators: and these constitute the whole of the zeros simultaneously belonging 
to two quotients for finite values of the variables. 


But, of course, the quotients indicated are, initially at any rate, not a 
potential aggregate of actually periodic functions. Thus, for any one of the 
é-functions, it is clear that the quantities 

ot log 0 
Oz"Oz'® ” 
for integers r and s, such that r +s > 2, will provide periodic functions: and 
so for other possible derivatives and combinations. 
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Later (§ 161), we shall return to the “double” theta-functions which arise 
as a particular set of these “ triple” theta-functions. 


A property of uniform quadruply periodic functions in combination. 


153. We proceed to consider the level places of two uniform quadruply 
periodic* functions f(z, 2) and g (z, 2’), having four pairs of periods in 


the form 
a 0, X, 4 
Opel Neg J 
Let a and @ be two level values for f and g, so that 


I, “yaa, 9%; Z) =f. 
If z=a, 2 =a, be a place where f and g acquire the values a and 8 
respectively, they will acquire these respective values at the whole set 
of places 
Q+tptrrAtsp, a +q+rn +sy’, 
for all integer values of p, q, 7, s. 7 


We have seen, in § 138, that, by taking an associated two-plane repre- 
sentation for the real variables a, y, «’, y’, we can choose'a unique point-pair 
Q, P,, where Q, lies in a parallelogram in the y, y’ plane and P, in a square 
in the w, w plane, such that the point-pair Q,P, may represent the whole 
foregoing set of values equivalent to a, a,. We shall say that the whole 
set of values is expressible by the point-pair Q,),. 


Let z=a,, 7 =a, be another place, not belonging to the set expressible 
by the point-pair Q,P,, where f and g acquire the respective values a and 6; 
and let the whole set of places, equivalent to a, a.’ by the addition of 
periods, be expressible by the point-pair Q,P.. 


And so on in succession, for places and sets of places equivalent to them, 
each new set containing no place belonging to any of the preceding sets, 
Each new set will be expressible by a point-pair, in the associated two-plane 
representation of the real variables a, y, 2’, y’. We thus obtain a succession of 
ditferent point-pairs Q,P,, Q,P:,..., expressing the succession of distinct sets 
of places where the functions f and g acquire the respective level values 
aand 8. Each such set can be denoted by any one of the members of the 
set; and from the construction of the sets, each set contains finite places in 
the field of variation. Let these finite places be denoted by a, a)'3 a, dy} ..., 
in succession, corresponding to the point-pairs Q, P,, Q,P2,..... We shall say 
that such a finite place z,, 2m 18 the irreducible level place for its set. 


* An attempt to establish the property for triply periodic functions, similar to that which 
follows for quadruply periodic functions, did not meet with success. 


F. 17 
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If the number of point-pairs Q,P,, Q.Ps, ..., which thus arise, is finite, 
then the number of irreducible level places z, 2’, giving level values a and 8 
to the functions 7 and g, is finite. 

If the number of point-pairs Q,P;, QP, ..., which thus arise, is infinite, 
then within the finite y, y’ parallelogram and the finite #, # square, there 
must be at least one (and there may be more than one) limiting point-pair 
QP such that its immediate vicinity contains an infinite number of such 
point-pairs. We then, for all such point-pairs in that immediate vicinity, 
have an infinite number of finite places a, a’, at which the functions f and g 
acquire the level values a and £ respectively. 

Now suppose that, for finite places in the field of variation, our functions 
jf and g possess no essential singularities. On this hypothesis, we know 
(§ 121) that the level places are isolated, so that there cannot be an infinite 
number of those level places in the immediate vicinity of any one of them. 

The second alternative must therefore be rejected; and so we infer the 
theorem :— 

The number of irreducible level places, giving level values « and B to two 
independent free uniform quadruply periodic functions, is finite. 


154. It has been established for a couple of independent uniform 
functions in general, and therefore for a couple of independent uniform 
quadruply periodic functions in particular, that the level places are isolated 
pair-places. Any such pair-place may be simple or multiple. Whether 
simple or multiple, it is isolated, provided the two functions are independent 


and free. 

Further, if a, a is a simple level place for two independent and free 
functions f(z, 2’) and g(z, 2’), such that 

I@2#)=4% 94, Z)=B, 
so that it is an isolated level place of those functions for those values a and 8, 
then there is one (and there is only one) simple level place in the immediate 
vicinity of a, a’—say at a+b, a’ + b’, where | b| and | b’| are small—such that 
Te 2j=a+Fa, 9, Y= +e, 
where | a’ | and | 8’ | are sufficiently small, and 
jata’|<la|, |8+ '|<|8l. 

For, by the theorems in Chapter Iv and Chapter vu, if z=a+6, 2 =a' +B, 


then we can write 
I, 2)-a=f(atb,a+b)-«a 


= GhpO lg Oo 
9% 2) -B= 9 (a+b, a +b)-B 
=o 0+ C0 oe 
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and therefore, as the level place a, a’ is simple, the equations 

Ab + dyb +...=0' 

CoD + Cb’ +... ie, ; 
for sufficiently small values of |a’| and | 8’|, provide a single pair-value for 
b, b’, where |b| and |b’| are small. 


Similarly, from the theorems in §§ 113, 120—122, we infer that, when 
a,w is a multiple level place of multiplicity M for two independent and 
free functions f(z, 2’) and g (z, 2’), such that 


VAC rere g (4, 2)= 8} 
so that it is an isolated level place of those functions of multiplicity M for 
those values, there are level pair-places (some perhaps simple, some perhaps 
multiple), in the immediate vicinity of a, a’—say at a+b, a’ +0’ where | 6| 
and |b’| are small,—of the same multiplicity M in additive aggregate for 
I, #)=ata, g(4, 7/)=B+8, 
where | a’| and | 8’| are sufficiently small, and 
Jataj<ja|, |B+6'|<|8l. 


155. Now consider the total finite number of irreducible level places such 
that the uniform quadruply periodic functions f and g acquire the values a 
and 8. The propositions just quoted shew that we can proceed from these 
values of the two functions to other values having smaller moduli: to any 
aggregate of level places at or near any one place a, a’ for the values « and £, 
there corresponds another aggregate of level places for the values a+’ and 
8+’, the corporate multiplicity of one aggregate being the same as the 
corporate multiplicity of the other. We can thus proceed from one pair of 
level values to another pair of level values for f and g—in the argument, we 
have chosen a succession with decreasmg moduli—without, at any step, 
affecting the corporate multiplicity of the level places. Moreover, in this 
succession, it is necessary to have only a finite range for z, and only a finite 
range for 2’, because the ranges in the y, y’ plane and in the «, w plane in 
the two-plane representation described in § 138, giving the finite irreducible 
places z, 2’, of § 153, are finite. Hence we infer the theorem :— 

The number of irreducible level places, at which two independent and 
free uniform quadruply periodic functions f and g, having no essential 
singularity for finite values of the variables, acquire finite values «a and B, 


so that 
fZZ)=a 9% 2)=B, 
regard being paid to possible multiplicity of each such level place, is nde- 
pendent of the actual level values acquired by the functions. In particular, 
the number of level places is the same as the number of simultaneous zero 
places of two such functions, regard always being paid to possible multr- 
plicity of occurrence at a level place or a zero place. 
17—2 
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The property also holds when the level value for either of the functions 
or for both of the functions is a unique infinity so that the level place is a 
pole (an unessential singularity of the first kind) for either of the functions or 
for both of the functions, as the case may be; it follows at once by con- 
sidering the reciprocal of the function or of the functions having the place 
for a pole. But care must always be exercised to make certain that the 
functions are free as well as independent: thus the theorem would not 
apply to the poles of functions, such as @ + A. and 6,+ A, of § 152, because 
the poles, so far from being isolated, are the continuous aggregates of zeros 
of the function @,. 


But the unessential singularities (the unessential singularities of the 
second kind) of a single function are isolated; and when two functions are 
considered simultaneously, their unessential singularities are not necessarily 
(and are not usually) the same places. Hence the theorem does not apply 
to unessential singularities. 


And the theorem does not apply to essential singularities. 


If, then, we adopt a more comprehensive definition of level places and level 
values, the first including ordinary places and poles, and the second including 
zeros, finite values, and unique infinite values, we can say that the number of 
irreducible level places of two independent and free uniform quadruply periodic 
Functions, having no essential singularity for finite values of the variables, vs 
independent of the actual level values, regard being paid to possible multiplicity. 


This integer, being the number of irreducible level places of the two 
functions when regard is paid to possible multiplicity, will, after Weierstrass*, 
be called the grade of the pair of functions. 


Algebraic relations between functions. 


156. Now consider two uniform quadruply periodic functions f(z, 2’) 
and g (z, 2’)—say f and g—which are independent and free; and let them be 
of grade n, so that there are n irreducible places giving level values a and 8 
to f and g. 


Let h (z, 2’) be another uniform function, homoperiodic with fand g. At 
each of the n irreducible level places of f and g, the uniform function h has a 
single definite value; and therefore, at the aggregate of those places, there 
are m values of h in all. Hence there are n values of h corresponding to 
assigned values of f and g; and these n values arise solely from the values of 
f and g, without any intervention of the variables z and 2’ beyond their 
occurrence in f and gy. Consequently, there is a relation between Si One 


* Crelle, t. Ixxxix (1880), p. 7; Ges. Werke, t. ii, p. 132. 


156] PERIODIC FUNCTIONS 261 


which is of degree n in h; the coefficients in this relation are functions of 
J and g alone. 


Next, suppose that f and h, being uniform quadruply periodic functions 
of z and 2’, are independent and free; and let them be of grade m. Also 
suppose that g and h are independent and free; and let them be of grade l. 
Then an argument, similar to the argument just expounded, leads to the con- 
clusion that the relation between f, g, h, already known to be of degree n in 
h, is of degree 1 in f and of degree m in g: it is an algebraic relation. 


Of the m values of h, corresponding to assigned values of f and g, it can 
happen that several may coincide for some not completely general assignment 
of values. But if this coincidence occurs for completely general values of 
J and g, the values of h coincide in groups of equal numbers; and the 
number of values of h, corresponding to assigned values of f and g, is a 
factor of n. Hence we have the theorem*:— 


I. Between any three uniform functions, which are homoperiodic in 
the same four period-pairs and which taken in pairs are independent 
and free, there subsists an algebraic equation: the degree of this equation 
im each of the functions either is equal to the grade of the other two 
Junctions or is equal to some integral factor of that grade. 


It is assumed explicitly that the functions, in pairs, are independent and 
free; and the only level places that have been used for the functions are 
such as give finite level values to the functions. But it may happen that 
two functions, independent of one another, and free for all finite values 
(including zero), are tied as regards infinite values. Thus the quadruply 
periodic functions, which arise as the quotients by 0, of the quadruple 
theta functions other than @,,, cannot be estimated for grade by their 
infinities; their infinities are given by the zeros of 0, and (except for the 
irreducible isolated unessential singularities, limited in number) they are 
the same for all the quadruply periodic functions so framed. These functions 
therefore, while they are independent, are tied as regards their infinities. 

The foregoing theorem is still true for these uniform functions: there is 
nothing to traverse the argument at any of its stages. But the effect of the 
tie, in connection with the infinities, is to simplify the form of the algebraic 
equation. We can suppose that the latter has been made rational and 
integral. The three functions 7 g, h are infinite together and only together ; 
and therefore the terms of the highest aggregate order in all the functions 
combined will, by themselves, give relations among the parts of f, g, h that 
govern their infinities. 

* This theorem, and several of the theorems that follow, were enunciated by Weierstrass for 
2n-ply periodic uniform functions of m variables. The enunciations, in most instances, are not 
accompanied by proofs; they are to be found in his memoirs, Berl. Monatsh. (1869), pp. 853—857, 


ib. (1876), pp. 680—693, and Crelle, t. 1xxxix (1880), pp. 1—8; see also his Ges. Werke, t. ii, 
pp. 45—48, 55—69, 125—133. See also Baker, Multiply periodic functions, ch. vii. 
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157. Among the functions related to any given uniform quadruply 
periodic function of two variables are its two first derivatives, which mani- 
festly are homoperiodic with the function. Moreover, all the infinities of the 
original function are infinities (as to place, but in increased order) of the 
derivatives; and they provide all the infinities of these derivatives. 


The foregoing theorem, when applied to a single function, leads to the 
result, practically a corollary :— 


Il. Any uniform quadruply periodic function f(z, 2’) and its first 
derwwatives us and a are connected by an algebraical equation. When 
the equation is made rational and integral, the aggregate of the terms 
of highest order gives relations among the constants of the infinities of 
Ff and its derivatives. 


Thus a quadruply periodic uniform function of two variables satisfies a partial 
differential equation of the first order, just as a doubly periodic uniform 
function of one variable satisfies an ordinary differential equation of the 
first order. 


158. We return to homoperiodic functions. For purposes of reference 
among them, we select three uniform functions f, g, h, of the character 
prescribed in theorem I. 


Now let k (z, 2’)—say k—be another uniform function, homoperiodic with 
Ff, 9g, h; and let it be untied with any of them. Then between f, g, k there 
subsists an algebraical equation, the degree of which in & is either n or is a 
factor of n: taking the degree as n, we can denote the equation by 


A (f, g, k) = 0. 


Also, between f, h, k there subsists an algebraical equation, the degree of 
which in & is either m or is a factor of m: taking the degree as m, we can 
denote the equation by 


Bf lk) = 0; 

Similarly, there is an algebraical equation 
C(g, hy b) =0, 

which is of degree / in k; and there is the original algebraical equation 
D(f, 9, h)=0, 


which is of degree / in f, of degree m in g, and of degree n in h. These 
equations are necessarily consistent with one another; thus the k-eliminants 
of A =0 and B=0, of B=0 and C=0, of C=0 and A =O, all vanish in 
virtue of D=0. 
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These k-eliminants can be formed by Sylvester's dialytic process, because 
all the equations are algebraic; and an added use of the process leads to 
another important result. The equations 


kr A (f, g, k) = 9, forr=0, 1, ...,m—2) 
WB (fh, k)=0, ,, s=0,1,...,n —2f 


are a set of m+n —2 equations, linear and not homogeneous in the m+n — 2 
quantities k, k?,...,k”*"-*. When these are resolved for the m+ n—2 quan- 
tities, we have expressions for the various powers of & (in particular, for & 
itself) rational in the quantities f, g, h and reducible, by means of D =0, so 
as to contain either f to no degree higher than / —1, or g to no degree higher 
than m—1, or h to no degree higher than n—1. Paying no special regard 
to these degrees, but noting the assumption made as to the degree of the 
equation A=0, we have the theorem :— 


Ill. When f and g are uniform functions, quadruply periodic in the 
same periods, and are of grade n, and when h is another uniform function, 
which 1s homoperiodic with f and g, and which takes n distinct values at 
the reduced point-pairs determined by given values of f and g; then any 
other unaform function, which vs homoperiodic with f and g, can be expressed 
rationally in terms of f, g, and h, provided every two of the four functions 
are independent and free, and provided also no one of the functions has 
an essential singularity for finite values of the variables. 


And, as before, we have a corollary to the theorem, as follows :— 


IV. When two uniform quadruply periodic functions f (2, 2’) and 
g (4,2) are independent and free, and when neither of them has an essential 
singularity for fuute values of the variables, then g(z, 2) can be expressed 


rationally in terms of f, y ; He ; 
og) 29 
dz’ 02’ 


and f(z, 2’) can be expressed rationally 


in terms of g, 


Note. But just as there was possible degeneration of degree in the 
equation D(f, g, h)=0, so it might conceivably happen that, owing to the 
equation D(f, g,h)=0, the actual expression for & might not be deter- 
minate. But this indeterminateness would not occur for every power of k; and 
so we should then only be able to infer that some power of & is rationally 
expressible in terms of f, g, h. Such cases occur when the fundamental 
periods of the functions considered are only commensurable with one another 
and are not exactly the same for all the functions. The exceptions may be 
wider than the exceptions of the same kind in the case of doubly periodic 
functions of one variable, though they will cover the generalisation of such 
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apparent (but only apparent) exceptions to Liouville’s well-known theorem 
which might imply that cn z and dnz are expressible* in the form 


d 
Ey a Q dz (sn Z), 
where P and Q are rational functions of sn z. 


159. Next, consider two uniform functions f(z, 7) and g(z, 2’), homo- 
periodic in the same four pairs of periods; and, as usual, assume that they 
are independent and free, their grade being n, and that they have no 
essential singularities for finite values of the variables. Their Jacobian J, 
with respect to the independent variables, is’ 


wat 9 _ 9 


0202 «02 dz’ 
_9(f9) 
OZ) 

It is a uniform function, homoperiodic with f and g; consequently it satisfies 
an algebraical equation, which has rational functions of f and g for its co- 
efficients, and the degree.of which in J is either” ora factor of n. Moreover, 
as fand g are uniform, infinities of J can arise only through infinities of f or 
of g or of both; and no infinity of J can arise from finite values of f or of 
g, or from any integral relation between f and g satisfied by finite values of 
f and g. Hence, when the algebraic relation between J, f, g is completely 
freed from fractions, the coefficient of the highest power of J is a constant ; 
and the degrees in fand g of the succeeding powers of J are limited. To 
indicate the limits, take the simplest forms of two extreme cases: 


(3) when f and g are completely free as to infinities: 


(ii) when they are completely tied as to infinities—in such a way as are 
e.g. the periodic functions indicated in § 152. 


In the former case, consider the vicinity of a simple simultaneous pole 
of fand g; then we can take, in that vicinity, 


U R 
TD SO 


where V and S have a simple simultaneous zero at the place. Then 


eel 

Take 
where 7’ is a uniform function, regular, and usually not vanishing at the place. 
The place thus is an infinity of J, as is to be expected: manifestly it is of 
order 4, Hence in this case, the algebraic equation (taken to be of order n in 
J) must be such as to provide infinities of order 4 for J; hence the coefficient 


J T, 


* The explanation, of course, is that snz, enz, dnz do not possess the same fundamental 
periods. 
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of J” is a polynomial in f and g of order not greater than 4n’, while for 
some value or values of n’, among 1, 2, ..., m, it must be of order 4’. 


In the latter case, we can take 


U R 
Nice yd rAce aia 


where the infinities of the functions (now tied) are given by V=0; then 
1 
J= Vy W, 


where W is a uniform function, regular, and usually not vanishing with V. 
The place thus is an infinity of J, as again is to be expected; manifestly it is 
‘of thrice the order for f and g. As in the preceding case, the coefficient of 
J”—" is a polynomial in f and g of order not greater than 3n’, while for some 
value or values of n’, among 1, 2, ..., n, it must be of order 37’. 


Other orders of infinities belonging to f and g will lead,to other degrees 
for the polynomial coefficients in the equation. In all instances, we have the 
theorem :— 

V. The Jacobian J of two uniform quadruply periodic functions 

Ff and g, which are independent and free, and which have no essential sin- 

gularities for fimte values of the variables, satisfies an algebraic equation ; 
when this equation is of degree n, the coefficient of J” is unity and the 
coefficient of J™” 1s a polynomial in f and g, of degree not greater 
than 4n’, for n’=1,2,...,n. Also, n is either equal to the grade of 
f and g, or ts a factor of that grade. 


160. Combining this result with the earlier theorems I and ITI, we have 
the further theorem :— 

VI. When f and g are uniform functions, quadruply periodic in the 
same periods and of grade n, and when the algebraic equation satisfied by 
their Jacobian J is of degree n, any uniform function, which is homo- 
pertodic with them, can be expressed rationally in terms of f, g, and J, 
provided no two of the functions are tied as to level values, and provided 
neither of the functions has an essential singularity for finite values of 
the variables. 

In particular, for such functions f and'g, we have the relations 


Of _ Og _ 
ap LLG), a, = Ah GY): 


Of _ ag _ 
02’ faa! F, Cy g; ny az’ a G, Cr gY; J), 


where Ff), F,, G,, G, are rational functions of the arguments. The algebraic 
relation 


JF, G,— 2G, 


must be satisfied in virtue of the algebraic equation between f, g, and J. 
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The quadruply periodic functions which arise out of the double 
theta-functions. 


161. It is desirable to have some special illustrations of the foregoing 
‘general propositions relating to periodic functions of two variables. 


Accordingly, we assume that the coefficients ¢(m—n, a, o’) of the triple 
theta-functions are so specialised as to yield the double theta-functions, 
periodic or pseudo-periodic in four pairs of periods, always limited so as to 
secure the convergence of the double series. Moreover, we shall assume that 
our functions have no essential singularity for finite values of the variables— 
an assumption which requires the theta-functions to be finite (as usual) over 
the whole field of variation given by these finite values. We thus have ten 
even functions, viz., 0), 9:, 02, 43, 94, 95, 9s, 9, 912, 95; and six odd functions, 
viz., 95, @,, 1, On, O13, 915: all these being functions of z and 2’. 


When z=0.and z’=0, the six odd functions vanish. The ten even 
functions then acquire finite constant values which are denoted by ¢p, ¢, C2, 
Ca, C4, Cey Cey Cp, Gin, Cs Tespectively. 

/ 

P» Ps # \ 

/ / 
Ons arn Ay! 
various cases are given by the relations 


ce ae =(-1)0( Bn 


Vaal: (eee, 
0,0,24 Comey Cor A 


P) & p> 2 ) =(-1)"0 & p> 6) 


The effects upon any function 6 ( of a period-increment in the 


/ - / / 
o6,0,2+1 Oprcuace 
b] 
, / \ 
6 ie io ips a ja! (= 1p en2riz—ridy, @ & Ce oy 
Gao nea, ano nod 


6 fe pr,zt+ ) = (1p erie —rian 9 ts p> a 
G, 0, Z +A ronre 
and by derivatives from these relations. The effects upon the sixteen 
functions, by way of interchanges consequent upon half-period increments of 
the arguments, are given in the full table on p. 254. 


Among the even theta-functions, the simplest relations* are as follows: 
Co” Oy? — Cys? Br, = 6,7 0,2 + Ce Oe? = 0,7 8? + 6,7 0," 


Cy” A? — cs? 0,” = 08 02 + 6? 08 = c2 02 + c? 0,7 


> 


Co? Oy? — Cys? O15” = C2? 0? + cs? 02 = ¢,? 0 + 62 02 


* These are taken from my memoir, Phil. Trans. (1882), pp. 783—862; they occur in many 
of the memoirs there quoted, and in others, relating to the subject, as well as in treatises such as 
those of Prym and Krause. Much algebraical discussion of the properties of the functions will 
be found in Brioschi’s memoir, Ann. di Mat., 2° Ser., t. xiv (1887), pp. 241—344, and Opere 
Matematiche, t. ii, pp. 345—454, Reference also may be made to Baker, Abelian Functions, 
ch. xi, and Multiply Periodic Functions, ch. ii, and notes, p. 327, 
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and others derived from these by linear combinations. The simplest relations 
among the constant values of the even functions when the arguments are 


made zero are the sets: 


Co’ — Ce 
Co — Cx 
Cot — Crs" 


and others derived from them: 
relations, 


ie Cm ae Ge = Cs =f | 


seek 


105 -taCas = Cate Cae 


as well as the sets of simple biquadratic 


Co? Cro” = Cg Cg? + era 
C3" Cyn = Ox Oe + 6,° Cre 
OS IOS SS oaee role 
COORG PAS Oe 
Cy? C2 = C3” Cg” + Cy” C12" ' 
Co” Cy” = Cy? Cy + Cy? Cy” 

Co” Cg” = Cy" Cy” + Cy? Cy” 
Ca” Cg” = Cg” Cy” + Ce? Crp” ‘| 
Cp Cpl NC CnC Car 
CPie = Cy Get Cy Cin | 
Cy’ Cy? = C,7 Ce’ + Cy? Cs” 
ONO SO NOSE OF li 
Cy" Cg” = Cy” Cy” + Ce? Cap” | 
GS SONGS ete er 
Cy” Cyp” = C4? Cy” + Cy? Cy” | 


Among the simplest relations, expressing the squares of the odd functions in 
terms of the even functions, are the set 


370 = — oP 02+ cf? 0,2 + ce Ore 
C207 =— ec? 02+ 6% 0? + cf O° 
C2 on = 2 6. ee C3 es =a Ce 6.2 \ 
C8 Oy? = Oy? 0? — Gn? 0 — of 0,7 . 


Cn Oe = Oi Ge ate Oe 6,2 — —¢, (CA: 2 


C3” Oxf =~ Cis? G? —¢, 0, — c,? 6:5” 


as well as others derived from the relations, among the even theta-functions 
above given, by using the table on p. 254 for interchanges among all the 
functions for half-period increments. 
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Lastly, for the present purpose, it is sufficient to give the three relations 
C202 = 6? O39 + Cre? On? — Co? Oya?) 
C7 Oy? = Of OF — Ce On? + 6 Oy}, 
Oo? His? = — Gs OF + 6? On + Of OY 


connecting the squares of odd functions alone. They can be derived from the 
relations connecting the squares of the even functions alone, by using the 
same table of interchanges for half-period increments of the variables. 


As regards the odd functions, we write 
Op = ue lee “piety 


where the expressed terms are the terms of the first order, and w has the 
values 5, 7, 10, 11, 13, 14; and we have 


CoCyCigh's = CyCgCisky + C,CaCg Hrs 

CoCyCrok, = C,C,Ciskyy + C3 C5 Cz keys | 
fa > 

CoCol Ky = C6303 Ky + Lend 


CoCo Cra hig = CaCeCs yy — C1 C3 Crs Krys 


with exactly the same relations when k’ is substituted for hk. 


162. All the relations thus far given, connecting the theta-functions, and 
connecting the quotients of the theta-functions, are quadratic in form. In 
each relation, there are three such quotients. Every function involves two 
independent variables z and z’; and therefore it is to be expected that each 
of the functions is expressible algebraically in terms of two new independent 
variables. This expectation is justified by the detailed results and properties 
of the double theta-functions which give rise to the hyperelliptic functions of 
order two, being quadruply periodic functions; and the actual forms can be 
expressed as follows. 


We take five constants a, dy, a3, dy, a5, unequal to one another; and we 
write 


Am — An = Mn, 


for all the five values of m and of n, avoiding equal values, avoiding also some 
other similar limitations that obviously are to be avoided. Two variables 
€ and €’ are introduced; and we write 


t = (($— am) ($— a2) (Eas) (6— a4) (€—a,)}3, 
T= (6 ay) (6'— aa) ("= a3) (6'— a) (£/— a3, 
P={(p— a) (p= a)(p—a\(p— a) (p~ a} 
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Two other variables uw and w’ are introduced, being defined by the equations 


Caples SE Go 
x pons bay [iar eae 
wat] P5Pap+a| PS ‘p| 
Sea SF ; 
The variables ¢ and ¢’ are, in general, uniform quadruply periodic functions 
of u and wu’; for sufficiently small values of wu and w’, we have 


ISS UAL Us 
Cater py. 7 | 
f 23.24.25 , j 
C —a,= oi Bt. 


where the unexpressed terms are of even orders (beginning with the order 4) 
in w and uw’ combined. 


The fifteen quadruply periodic functions of z and 2’, arising from the 
quotients of the double theta-functions, are algebraically expressible as 
follows :— 


O15 + Oy = (12.18.14.15)~ 4p, } 
Bin + Oy. = (21. 23.24. 25)-4 0, 

6, + 0. = (—31.32.34.35)~*p, 

0, + Oy = (— 41.42.43. 45)~* p, 

0, + O. = (51.52.53.54)~2 p, 

Ox + Oy = (18.14.15.28.24.25)-4*p,, 
6, + O=(12.14.15.32.34.35)—*p,, 
0, + Oy =(12.18.15.42.48.45)-4p, | 
0, + Oy. =(—12.18.14.52.53.54)~4p,, 
615 + Oy = (21.24.25 .31.34.35)- 7 p,, 
0, + Og = (21.23.25. 41 .43.45)- 4p, 
0, + Oy = (— 21.23. 24.51.53. 54)—4 9, 
6, + Oy = (81.82.35.41. 42.45)? p,, 
6, + Oyo = (81. 32.34.51. 52.54) —? po, 
O14 = Og = (41. 42.48.51.52.58)- 2p, | 


where 
pe = (ay ~ £) (ay — ©) 
Oprah 273.4, 5 sand 


Dre i T a T iI 
Piel (CoG ean ME ae Sap) 


for all the ten combinations of r and s from the set 1, 2, 3, 4, 5. 
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The constant values of the even theta-functions for zero values of the 
variables are related as follows: 


51. 52\4 | 
O = Gy = & ; oa 
MO aa 
a, aby G 43 .45 
ore ta 
Cy = Cy = (- 34. 35 
| 52.13.14\4 
Cy ay Cio = (- a5 a) 
a NES ie 
(Oa Se Gy fee 72 45 
C4 rsd Cy. = Ga 43. is 
ee eRe 
Cy 4 oa = ( To | 
@. aN 
Cg = C2 = 1 84 35 
ee Cease 
C5 + Ca = es 84. 38) J 


The lowest terms in the odd theta-functions are as follows :— 


ny eae ay 14,24 
Dace Taanae Coe: 
6, -(" ener a 1525 

on 53. 54 tig Bag) 
Ory __ (82.42. 52\* , 

eee 19 ) US es 

Ou _ (13,14.15.28.24. 95)t MY [ 
Gu . . a _- ——_ 12 eee 
Oy (31.41. 51\4 

a ar 

ee ey ih saree? 

Oss 34. 35 ee i ee 


The relations between the two variables wu and w’, and the two variables 
z and 2’, are 


hi eng (BS DP 
Cro Cio . 2 | 
k Ae ‘ ; 
pe (AR | 


Cie Cie 21 
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The quadruply periodic functions of z and 2’ are quadruply periodic functions 
of uw and wu’: and conversely. 


Finally, derivatives of any function, of the first order with regard to w and 
w’, are linear combinations (with constant coefficients) of its derivatives of the 
first order with regard to z and 2’. 


Haamples of the theorems in S§ 156—160. 


163. Adequate illustrations of the first theorem, in § 156, are provided 
through the homogeneous relations among the theta-functions which have 
just been stated. Hach of them, when divided throughout by the appropriate 
power of 6,., gives a relation among strictly periodic functions. Many other 
such relations are given in the memoir by Brioschi already quoted (p. 266, 
note); and many can be deduced from the algebraical expressions for the 
functions p in terms of the variables € and ¢’.. Among them, we select the 
following, as being of particular use in the succeeding investigation:— 

Pr’ Ps pe 
rs.rt' sr.st tr.ts 


where rs=a,—as, and so on, and 7, s, ¢ are any three of the integers 
Pe Oo. aD ALSO 
1 
ae gp (Drs — Pr’) = rl. rm, 


(st) PrPrat (7) PsPsi + (7S) PiPu = O, 
where r, s, ¢, J, m are the integers 1, 2,3, 4,5, in any order. These examples 


will suffice for the present requirement. 


164. We now proceed to give an example of theorem II, in § 157, by 
forming the partial differential equation of the first order which is satisfied 
by the uniform quadruply periodic function p,. 


From the values of wu and w’, expressed in terms of € and ¢’ by means of 


definite integrals, we have the values of 2 a ; 3 _ Using the ex- 


pression for p,° in terms of € and ¢’, we find 


VG) ee a! Cn i rela 
p, ou C—a, ou oC’ — a, du 


1 T ; ; ar 
Steg ead ieee 


2 Op, | il ; 
pad ~AESE Iea, © ~~ aap 
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and therefore 


1 op, 
zs pag -a) oP oe ara 
ae oy 1 Ops a) 
Hine Ae es ay t Dp, ou'* 
Now, for the values r = 3, 4, 5 in particular, we have 
Dir es T ce 7 
Ppr © —SUS— a) (C—0,) (C—a) (CF —a,))” 
so that 
1 dp, 1 op, 
tina Leen ee 


on substituting the foregoing mes of 7 and 7’. ae if we write 


0 Op, 
Ee = 915 = =q) > 
we have 
A= — Ps Prs = (23) qi + (13) gy 
B = — piPrs = (24) a + 14) or’ 
Y = — PsPrs = (25) q + (15) | 
where a, 8, y are temporarily used to denote the combinations of q, and q,’. 


Again, from the values of the functions in terms of € and ¢’, we have 


1 
peor 34, (pas? am Pie) = 12.15, 


1 
py Te BA ( prs” — p4’) = 12.13, 
and therefore 
= 


. 3412.15 - p2) =O, say, 


sae 

P 

ye 

+. — — = §4(12.13 — p,”) =A, say. 
array ( py) y 


4 


Also 
PY ps Pet Ps haya 
13.147 31.34° 41.49 >> 
so that 
34 ahaa 
ps =31.34+4+ 74? ‘+ ay Pe 
aa 
=C ar —_— 1 Pe é 
say ; and similarly 
54 Slee 
ps = 51. 54 + 74 Pt 4] PY 
51 
=at+s 


ay Ps 
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say. Thus 


a eA 
31 peo? 
Osha Ps Ps 
Rae Saar 
il nye 
a+ 45 Ps Ps 


These two quadratic equations satisfied by p,? can be written 
—(L— 8? - Cc’) p2+ Bc’ =0, 


Ap,'— (N — B?— Aa’) pe+ Ba’ =0; 
where 


41 a! 41 4] 
w=, C =Car» =a or, N= BT" 


Khminating p? between the two equations, we find 
{(L — B? — Cc’) a’ — (N — 8B? — Aa’) c} (NN - 8 — Ad’) C -(L— 8? - Cc’) A} 
= 6 (Ac —Ca’y, 
which is a form of the partial differential equation of the first order satisfied 
by pr. 


It is desirable that the equation should be simplified; the various re- 
ductions are mere exercises in algebra. We find 


A—C=58 (12.14 —p,), 


so that 

(A~ CO) a'e' = — "4-9 19.14 — p2) (18.14 — py) (14.15 — ps); 
also 

“—-c= ze ws (13.15 —p,’), 
so that 
14. 34.45 . 55 . x | : 

(a! —e') AC = *8: 4-98-99 (19 13 — ps) (12. 15 — pst) (13. 15 — py) 

And 
Ca! — Ac = 34-45-53 9 13.14.15 —ps) 


13.15 
As regards the parts involving derivatives, we have 
(L—B) a -(N — B)¢ 


< ~ 5g ag 154 (14. 15 — pe) a? +35 (13. 15 — py) PEt 48 (1314 — pi) 


_ 14. 34.45. 53 Ate 
= ieee Ga {12? Cpe (Nh +h ee 


274 EXAMPLES OF THE [CH, VII 


on substitution for a, 8, y; and, similarly, 
N=) Oe a 
z iy a ul : 
el ee 13 — po) a? + 12 (12.14 —p) B+ (12. 1 — a? 


12 
=—12.14.34.45.53 14 = aA ~ 94d ie 


Hence the differential equation for p, takes.the form 


Xs ».€ 
93 15 als Mii sixtl ae 
12.13. 14?.15 (+35 tH) (G+ a8 is) 
= (24.9, +14.) Xe, 
where the various symbols in the equation (which manifestly is of the first 
order, and of the fourth degree, in the derivatives of p,) have the values 


1 9 4\9 
Qh = qe - 122 pent gn'y 


Qe = (qi + a’)? — erat riae| 
X, = (12. 14—p,2)(13.14—p2) (14. 15 — p) 
X,= (12.13 —p) (12.15 — p,) (13.15 a 
4,212.13. 14.15 —p/ 
The infinity of p, at any place being of order «, that of q, at the place and 


that of gq, at the place are «+1; from the terms of highest order in the 
infinities, as they occur in the differential equation, we have (as these orders) 
8x4 +4, 10Ke4+2, 12%, 10K+2 

which are the same when « =1: that is, any infinity of p, is simple. The 
result is to be expected because p, is a constant multiple of 6,,4,.7': so that 
an infinity of p, is a zero of A, that is, it is simple. The terms of highest 
order also provide relations among the constants connected with any such 
infinity: but these are not our present concern. 

165. The partial differential equation of the first order for any other of 
the functions p can be constructed in the same manner; in particular, the 
equation satisfied by p, can be derived from the equation satisfied by p,, through 
interchanging p, and p., g, and q,, g,’ and q, a, and as, where 

qa, qi 

Ou ~ Ow’ 
Note. Another proof can be framed, by noting the relations 
C9039, Oy + CaCO: O11 = CC, O04 

C5? Oyo? = Cio” Og? — 6,7 ys? — 660” 

Ce On? = Cy? 8,? — 6,2 O13? — 6° O42 

620, =¢f 0%— 6,0," —¢e 6,2 

oe 0,* = of 0° — C37 B15? — C47 4,2) 
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among the theta-functions, by using the expressions for the constants ¢ and 
the quotients of the theta-functions, and by observing that @,0,@,;~ is a con- 
stant multiple of the quantity denoted by y and that 0,0;6,.~* is a constant 
multiple of the quantity denoted by ~. 

A third proof can be framed by Fes the fact that 


Ms L op, 
A =(p- 4) oo Die a Ge 


is satisfied by p= and p=’, so that the quartic ete 

u 
+ (Z— a) — = at = () 
has € and ¢' for its roots. The analytical conditions for this property of the 


quartic equation ultimately lead to the partial differential equation of the first 
order satisfied by p,. 


(2 — Uy) (2 — tg) (2 — Uy) (4 — Us) — (2 — Gh) \(e-« a ») oP 


166. The analysis in the preceding investigation leads to a simple 
illustration of theorems III and IV, in § 158. It must, however, be borne in 
mind that those theorems refer to functions that are homoperiodie. 

Now the functions p, and p, are not homoperiodic: their periods are only 
commensurable. But the functions pf and p,’? are homoperiodic: and there- 
fore by the theorem IV, we must have pj expressible rationally in terms of 
p, and its first derivatives, that is, expressible rationally in terms of 
Pr Wp Oh 

The two quadratics that occur in the investigation give 

Dike | Ac’ —A’c 


 B (N-6?— Ad) C-(L— B?- Ce) A’ 


or, with the preceding notation, 


nD (24q, UE 14q,') Xs 
Ps a eta a ee ; 
12.413 142 ( ee 
Qs 12.13.15 
the required expression. 
Also 
z 
= (Dy De 249, ar 14q, > 
so that we can deduce at once a rational expression for p,2 in terms of 
: 5 aes 4 ; 
Pr G M- Expressions for ps, p5, Prs, Pis can be derived by interchange of the 
constants Us, Gy, @;; and expressions for the remaining functions can be 
derived by simultaneous interchanges of the variables w and w’ and of the 
constants a, and ay. 


As an illustration of theorem V in § 159, consider the Jacobian of any two 
functions p,, ps: and let 
yrs, tf ey SH BE Bras. 
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in any order. We have 


ACN LS a Dus sa 99) = 
a(E ©)” Ser’ (€- &) (dz — th), 
Ure py) eee eye 
Tike ape ee me 


and therefore 


\ _ 2 (Drs Ps) 
DEE as 0 (u, Ww) 
sr 
ect PiPmPn- 
Consequently . 
EP YA Cee, Tee 
{J (pr; Ds)? — iss Pv Pm? Pn 
(sr? ae eh 
= \ai) ° lr.ls.mr.ms.vr.ns.Pys, 
where 
pee (1 et Priemtrcil at ) ie Pr nat pe ya ye ae Pa . 
.  rb.rs  st.sr/ \ rm.7Ts sm. sr m.7TS sn.sr 


so that the square of the Jacobian of p, and p, is an even polynomial in 7 and 
s of joint degree six. 


Similarly, we find 


fi ul 9 9 9 
J (De, Dre)}? = 122 Prt Prm Pra 
il, 


= 79: (prs + pe. st — rim... st} {pe +p .sm—7n. rt. sm} 
o_ 


X [pret pr.su—rt.rm. sn} 3 
and so for other instances of Jacobians, So long as the Jacobians are formed 
from any two of the fifteen functions, the algebraical equation between two 
functions and their Jacobian is of even degree in the Jacobian. It is easy to 
verify that 

(J (Prms Prn)}? 
is an even polynomial in p,,, and p,» of degree six; and from general con- 
siderations (but without having constructed the respective equations) I iter 
that 
J (py; yoyy J (Pins Pst) 
each of them satisfy an equation, quartic in its own Jacobian and of the 
degree twelve in the term free from the Jacobian. 


As a last illustration, consider a special case of theorem VI in § 160. 
The derivative of p, with respect to u, already denoted (§ 164) by q,, is quadruply 
periodic. It is homoperiodic with Pi; but it is not homoperiodic with pz, 
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their periods being only commensurable. But q,?, p,°, p.? are homoperiodic : 
and therefore, by the theorem, q,? is rationally expressible in terms of p,’, p2’, 
and the Jacobian of p,? and p,?; that is, g? is rationally expressible in terms of 
Pr» Px, and J(p,, p). The actual expression can be obtained in a variety of 
ways, requiring mere algebra for the purpose. Proceeding from the relation 


po alga CO pag, EO}: 
already obtained for g,, we find ultimately the following result, Let 12, 17,... 
denote @,— , d, — dy, «.. aS usual; write 
A = (p?— p.?)? — 2.12? (p? + po?) + 123; 
Ky = po — p2 +12 (1r+ 2r), for r=1, 2, 3, 4, 5; 
and, for any quantity &, let 
(E + 2) (E+ Hs) (E+ 4) (E + Ks) 
=&4+8,2+48,2+ 8,€+58,. 
Then a rational expression for q,? is 
64.9712’. A4+4+128.12' pep.J (pr, po) 
= (8,+ S,A + A?) (8«,A + «,*) — (8, + 8, A) (8«2A 4+ A?). 


Other examples can easily be indicated: these will suffice for the present 
purpose. 
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INDEX 


(Lhe numbers refer to the pages.) 


Abel’s theorem partially extended to double 
integrals involving a couple of algebraic 
functions of two independent variables, 
193-197. 

Accidental singularity, 61; (see unessential 
singularity). 

Algebraic functions in general, 61, 170 et seq. ; 
rational functions, involving one algebraic 
variable, 171, and two algebraic variables, 
173; integrals of, 178 et seq. 

Algebraic relations between homoperiodic 
functions, 261 et seq.; illustrations of, from 
hyperelliptic functions, 265 et seq. 

Analytic function, 59. 

Analytical continuation, 60, 80. 

Appell, 147, 235, 239. 


Baker, H. F., 110, 131, 261, 266. 

Berry, 170. 

Borel, 77, 78, 126. 

Boundaries of a region for certain fields of 
variation, and their frontier, 20, 24. 

Brioschi, 266. 

Bromwich, 72. 

Burnside, W., 26, 58, 237. 


Campbell, 42. 

Canonical form of lineo-linear transformations, 
26; leads to powers of the transformation, 
28; 

of equations for quadratic frontier, 51; 
of rational functions which involve 
algebraic variables, 171, 173. 

Castelnuovo, 170. 

Cauchy, 4. 

Cauchy’s theorem as to the integral of a 
function of a single complex variable ex- 
tended by Poincaré to functions of two 
complex variables, 13, 159. 

Conformal representation with one variable 
extended to two variables, 18. 


Continuation of regular functions, analytical, 
80. 

Continuity of a function, region of, 81, 82, 86. 

Continuous function, 59. 

Continuous groups, Lie’s theory of, applied to 
determine invariants and covariants of 
quadratic frontiers, 40, 42. 

Contour integrals, as used by Cousin, 131 et 
seq. 

Cousin, 130, 147. 


Dautheville, 80, 126. 

Dependent variables, number of, 2; used for 
a kind of inversion, 4. 

Divisibility (relative) of two regular functions, 
112. 

Domain, 57. 

Dominant function, 71. 

Double-integral expressions connected with 
coefficients in the expansion of regular 
functions, 64. 

Double integral for real variables, application 
of theorem by Stokes on, 157. 

Double integrals, defined for two complex 
variables, 154; Poincaré’s extension of 
Cauchy’s theorem for functions of a single 
variable, 159; residues of, with examples, 
160 et seq. 

Double integrals of rational functions in- 
volving two algebraic variables, 187; 
equivalent forms of, 189; conditions that 
they should be of the first kind, 190; 
Abel’s theorem partially extended to, 
193. 

Double theta-functions, 249, 253 et seq. 


Enriques, 170. 

Equivalent functions, 134, 141. 

Essential singularity, 61, 83, 119, 123; be- 
haviour of a function at and near an, 77, 
83; functions devoid of, 125. 
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Field of variation, in general, 57; for periodic 
functions, with one pair of periods, 224; 
with two pairs of periods, 225; with three 
pairs of periods, 231; with four pairs of 
periods, 236, together with a modified two- 
plane representation of the variables, 237. 

First kind of double integrals, conditions for, 
190; extension of Abel’s theorem to, 
193. - 

First kind of single integrals of algebraic func- 
tions of two variables, 178; initial condition 
as to form of subject of integration, 180; 
equivalent forms of, 180, with the necessary 
relations, 185; do not exist for general 
equations, 187. 

Four-dimensional space, used to represent two 
variables, 5; used by Poincaré in connection 
with double integrals, 153. 

Free functions, 208; properties of two, 209- 
212, 

Frontier of a region in certain fields of 
variation, 20, 24; its analytical expression, 
21; invariantive, for lineo-linear transforma- 
tions, 32; quadratic, 34. 

Functions devoid of essential singularities, 
everywhere, 125; in the finite part of the 
field, 130 et seq. 


Geometrical representation of two variables, 
Chapter I; in four-dimensional space, 5; by 
means of a line in ordinary space, 7; by 
means of two planes, one for each of the 
variables, 13. 

Gordan, 25. 

Grade of two uniform 
functions, 260. 


quadruply periodic 


Hadamard, 126. 

Hartogs, 62, 123, 131. 

Hermite, 4, 131. 

Hobson, 1. 

Homoperiodic functions, algebraic relations 
between, 261 et seq. 

Humbert, 170. 

Hurwitz, 126. 

Hyperelliptic functions of order two used to 
illustrate algebraic relations between homo- 
periodic functions, 265 et seq. 


Independent functions, 208. 

Infinitesimal periods excluded, 213-216. 

Integral function, 60. 

Integrals, of functions of two variables 
(Chapter VI); of algebraic functions, 178 
et seq. 
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Invariant centres of lineo-linear transforma- 
tions, 29. 

Invariantive frontiers for lineo-linear trans- 
formations, 32; simplest forms of, 34, 37. 

Invariants and covariants of quadratic frontiers, 
39; invariants alone, 48. 

Inversion, a kind of, 4. 

Irreducible places of quadruply periodic func- 
tions, 257; any set expressible by a single 
place in an associated two-plane representa- 
tion, 257; their number for level values of 
two functions is finite, 258, and is indepen- 
dent of those level values, 259. 


Jacobi, 14, 26. 

Jacobian of two homoperiodic functions, 264 ; 
used, in connection with the two functions, 
for the rational expression of other homo- 
periodic functions, 265; equation satisfied 
by, when they are hyperelliptic, 275. 

Jordan, 26. 


Konigsberger, 255. 
Krause, 266. 
Kronecker, 4. 


Laguerre, 126. 

Larmor, 157. 

Laurent’s theorem extended to functions of 
two variables, 87-91. 

Level places of uniform functions 
(Chapter VII); must exist for assigned 
values of the functions, 203. 

Level values of a regular function, 108; order 
palit: 

Levi, E. E., 123, 

Lie, 25, 40, 42. 

Line in space used to represent two complex 
variables simultaneously, 7; limitations 
upon use of whole line, 11; by means of 
the points where it cuts two parallel 
planes, 12. 

Lineo-linear transformations, Chapter II; 
canonical form of, 26; powers of, 28; in- 
variant centres for, 29; invariantive frontiers 
for, 32; property of, when coefficients are 
real, 353; periodic, 52. 

Lines, Volterra’s functions of, 13. 


two 


Meromorphic function, 61. 

Multiform function, 58. 

Multiplicity, of a simultaneous zero of two 
uniform functions, 168; expressed as a 
double integral, 169; of a level value of 
two functions, as a double integral, 169. 
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Neether, 170. 
Non-essential singularity, 61; (see unessential 
singularity). 


Order of multiplicity, of a common zero of 
two uniform analytic functions, 205, 209; 
of level values of two uniform analytic 
functions, 212. 

Order, of zero of a regular function, 111; of 
pole of uniform function, 119. 

Ordinary place, 60. 

Osgood, 62. 


Pairs of periods for uniform functions of two 
variables (see period-pairs). 

Periodic functions in two variables (Chapter 
VIII). 

Periodic lineo-linear transformations, 19, 28, 
52. 

Period-pairs, if infinitesimal, are excluded, 
213; may not be more than four for 
uniform function of two variables, 216-223 ; 
one, 224; two, 224, with the different cases; 
three, 226, with the different cases, and the 
general result, 231; four, 232, with the 
different cases, 235. 

Picard, Preface, 5, 14, 26, 77, 78, 92, 152, 
153, 156, 161, 169, 170, 178, 193, 197. 
Picard’s theorem, on functions that cannot 
acquire assigned values, extended to func- 

tions of two variables, 78. 

Picard’s theorem concerning single integrals 
of rational functions involving one algebraic 
variable extended to integrals of rational 
functions involving two algebraic variables, 
180-187. 

Poincaré, Preface, 1, 4, 5, 13, 26, 71, 126, 
131, 153. 

Poincaré’s extension of Cauchy’s theorem to 
double integrals, 159 ; with inferences, 160 ; 
extension to the residues of double integrals, 
160, 161, with examples, 161 et seq. 

Pole, 61, 85 (see unessential singularity); ex- 
pression for uniform function in the vicinity 
of, 119; sequence and order of, 120. 

Polynomial, when a regular function is a, 
74; properties of, as regards singularities, 
124, 

Prym, 266. 


Quadratic frontiers, 34; invariants and co- 
variants of, 39; suggested canonical form 
for, 51. 

Quadruply periodic functions, 253 et. seq.; 
level places of two, 257; satisfy an algebraic 
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partial differential equation of the first 
order, 262, with example, 273. 


Rational, any uniform function entirely devoid 
of essential singularities must be, 126. 

Rational function connected with algebraic 
equations in two independent variables, 
most general form of: (i) when there is 
one equation, 171; (ii) when there are two 
equations in two algebraic variables, 173 ; 
integrals of, 178 et seq. 

Rational function, singularities of, 125. 

Reducibility (relative) of two regular functions. 
115, 

Region of continuity of a function, 81; its 
boundary, 82, 86. 

Regular functions, any uniform function having 
essential singularities only in the infinite 
part of the field is expressible as the 
quotient of two, 147. 

Regular functions, 60; fundamental theorem 
relating to, 62; double integral expression 
for the coefficients in the expansion of, 64; 
one property of, 73; condition that it is a 
polynomial, 74; analytical continuation of, 
80; level values of, 108 ; relative divisibility 
Ore 2s 

Relative, divisibility of two regular functions, 
112; reducibility of functions, 115. 

Riemann, 4, 16, 

Riemann’s definition of a function extended 
to two functions, 16. 


Sauvage, 58. 

Severi, 170. 

Simart, Preface, 92, 152. 

Simultaneous poles of two uniform analytic 
functions exist, 204; usually is an isolated 
place, 211. 

Simultaneous unessential singularities of two 
uniform functions do not exist in general, 204. 

Simultaneous zero, of two regular functions, 
must exist, 202; likewise for two uniform 
analytic functions, 203; usually is an 
isolated place, 207, 209, but there may be 
exceptions, 208. 

Single integral, 152. 

Single integrals of algebraic functions in- 
volving two algebraic variables, 178; 
equivalent forms of, 180, with necessary 
relations, 185; first kind do not exist for 
general equations, 187. 

Singularities, 61, 82, 119; 
function, 125. 

Stokes, 157, 


of a_ rational 
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Theta-functions, triple, 240 et sey.; even 
functions and odd functions, 248; double, 
249, 253 et seq. ; 

Tied functions, 208. 

Transcendental function, 60. 

Triple theta-functions, 240; effect on, caused 
by increments of periods, 242, by half-period 
increments, 250; two sets of, 251 et seq. 

Triply periodic functions, 238. 

Two functions, everywhere regular in the 
finite part of the field, must vanish at some 
common place, 202; likewise, when they are 
uniform and analytic, 203. 

Two-plane representation of the real parts of 
the variables used for quadruply periodic 
functions, 237, 257. 

Two-plane representation of two variables, 13 ; 
some properties of, 14; limitations of, 19. 


Umbyral symbols introduced for coefficients in 
homogeneous forms, 41. 

Unessential singularity, 61, 83, 119;  ex- 
pression of uniform function in the vicinity 
of, 121; is an isolated place, 122. 

Uniform analytic function must acquire an 
infinite value, 72, and a zero value, 76, 
and an assigned finite value,’ 76. 

Uniform function, 58. 

Uniform periodic functions (Chapter VIII). 


Valentiner, 25. 
Vicinity of a place, 48. 
Vivanti, 12. 

Volterra, 13. 


Weierstrass, Preface, 4, 
LOM LOSS Lio D2, 
261. 

Weierstrass’s theorem on the behaviour of a 
uniform continuous analytic function in the 
vicinity of an ordinary place, 92; various 
cases of, 96, 97, 100; example of, 102; 
alternative method of proceeding in one 
case, 105. 

Weierstrass’s theorem on functions entirely 
devoid of essential singularities, 126; proof 
of, 126-129; on functions having essential 
singularities only in the infinite part of 
the field, 130, with Cousin’s proof, 130 
et seq. 


77, 80, 82-86, 92, 
124, 141, 214, 260, 


Weierstrass’s theorem on infinitesimal periods, 
214. 

Weierstrass’s theorems on algebraic relations 
between homoperiodic functions, 261 et seq. ; 
illustrated by hyperelliptic functions, 265 
et seq. 


Zeros (selected) of the theta-functions of two 
variables, 255. 


oo n ! - Z 
PNtyeAY = 
’ 7 ; ot 
t 
* ; : - , 7 Me ie bs 
‘ ene Pers ay i ae ae : Pa ee ; 

: a, vu » 

. Gieee ih a a eh Hab Tie pe lad 

. ' : ~~ 

= ' ' re’ Pa Ex, 0A * 
. - ar i Fi ei A UL , ha? 
C ¢ A ; i td 

' iat tit 


i, | , 0" pie tele ae 


’ { 
= A ; bie 
+ a 
Ss . as 
— ~~ ‘ 
, 
7 = 
’ 
hn hse 
—— 
_ ™ 
# ne 
: 
———, a 
Cambridge > 2 = 
PRINTED BY JOHN CLAY, M.A. ws 
¥; AT THE UNIVERSITY PRESS 
: 
—— 


BY THE SAME AUTHOR 


THEORY OF FUNCTIONS OF A 
COMPLEX VARIABLE 


Second edition. Large Royal 8vo. 21s net 


‘(Dr Forsyth has again undertaken a laborious task and executed it with his usual ability and 
success. Among the numerous branches of the already enormous, yet still rapidly growing 
science of Mathematics not the least interesting and not the least important is the Theory of 
Functions. To this the author devotes over six hundred large size pages; yet, with the end 
which he has in view, we cannot say there is a page too many.’? Atheneum 


‘«The want of a treatise on this subject has too long caused a serious gap in our mathematical 
literature; and it may be at once said that Dr Forsyth’s book supplies that want so completely 
that it is not likely to be felt again for a long time to come. Dr Forsyth has aimed at giving a 
complete introduction to the theory; and it may safely be said that, with his book as a guide, 
the task of the student who wishes to enable himself to follow its various recent developments 
will have lost half its difficulty.’ Natwre 


LECTURES ON THE DIFFERENTIAL 
GEOMETRY OF CURVES AND SURFACES 


Large Royal 8vo, 21s net 


‘«There are two well-known and excellent treatises on the subject, by Darboux and Bianchi 
respectively; but hitherto there has been nothing corresponding to them in English....The 
author’s unrivalled power of dealing with complicated analysis is admirably illustrated by the 
section on differential invariants. It would be very difficult to improve upon this....On every one of 
these points Dr Forsyth writes with complete mastery, and gives a most valuable set of examples..., 
Dr Forsyth may be congratulated on producing a work of great interest and value, which is 
perhaps the best treatise that he has ever composed.’ Nature 

‘Le présent ouvrage vient done combler une lacune....Les démonstrations de M. Forsyth sont 
présentées avec beaucoup de clarté et de précision. Selon la tradition, fort bonne, des auteurs 
anglais, le texte est accompagné de nombreux exemples et de problémes....I] constitue un guide 
utile non seulement pour ceux qui veulent s’initier aux méthodes de la Géométrie infinitésimale, 
mais aussi pour tous ceux qui enseignent cette branche.”’ 

Revue Internationale de V Enseignement Mathématique 


THEORY OF DIFFERENTIAL EQUATIONS 


Demy 8vo. In four parts 


Part JT. Exact Equations and Pfaff’s Problem. 10s net 
Part I]. Ordinary Equations, not linear. In two volumes. 20s net 
Part III. Ordinary Linear Equations. In one volume. 12s 6d net 


Part TV. Partial Differential Equations. In two volumes, 25s net 


‘We have before us the two concluding volumes of Prof. Forsyth’s monumental Theory of 
Differential Equations. The completion of so great a work is too important an event to be left 
unnoticed. No mathematical treatise on the same scale has appeared since Darboux completed 
his Théorie Générale des Swfaces in 1896. What Darboux’ work is to the student of Differential 
Geometry, Prof. Forsyth’s will be to the student of the pure theory of Differential Equations.... 
The carefulness and lucidity of his exposition remain unimpaired to the last page....If English 
mathematical research is to-day more vigorous and better directed than for many years past, it is 
largely to Prof. Forsyth that the credit is due.”? Cambridge Review 


Cambridge University Press 
Fetter Lane, London: C. F. Clay, Manager 


SELECTION FROM THE GENERAL CATALOGUE OF BOOKS 
PUBLISHED BY 


THE CAMBRIDGE UNIVERSITY PRESS 


The Theory of Functions of a Real Variable and the Theory of 
Fourier’s Series. By E. W. Hopson, Sc.D., LL.D., F.R.S., Sadleirian Professor 
of Pure Mathematics, and Fellow of Christ’s College, Cambridge. Royal 8vo, 21s net 


The Integration of Functions of a Single Variable. By G. H. Harpy, 
M.A., F.R.S. Demy 8vo. 28 6d net. Cambridge Tracts in Mathematics and 
Mathematical Physics. 


A Course of Pure Mathematics. By G. H. Harpy, M.A., F.R.S., Fellow 


and Lecturer of Trinity College, Cambridge. Demy 8vo. 12s net 


Principia Mathematica. By A. N. WHITEHEAD, Sc.D., F.R.S., and the 
Hon. Bertranp Russenn, M.A., F.R.S. Large Royal 8vo. Volume I. 25s net. 
Volume II. 30s net. Volume III. 21s net 


Abel’s Theorem and the Allied Theory, including the Theory of the 
Theta Functions. By H. F. Baxmr, Se.D., F.R.S., Lowndean Professor of Astronomy 
and Geometry in the University of Cambridge. Royal 8vo. 25s net 


An Introduction to the Theory of Multiply-Periodic Functions. by 
H. F. Baxmr, 8e.D., F.R.S. Royal 8vo. 12s 6d net 


Theory of Groups of Finite Order. By W. Burnsing, M.A, F.RS., 
Honorary [’ellow of Pembroke College, Cambridge. Second edition. Demy 8vo. 
15s net 


An Elementary Course of Infinitesimal Calculus. By Horace LAms, 
LL.D., D.Sc., F.R.S., Professor of Mathematics in the Victoria University of Man- 
chester. Second edition. Crown 8vo. 12s 


Mathematical and Physical Papers. By Lorp Ketvin, LL.D., F.R.S. 
Collected from different scientific periodicals. In six volumes. Demy 8vo. Vol. I. 
I—LXXIN, mainly 1841-—53. 18s. Vol. I]. nxxitv—xc1, mainly April 1853—Feb. 
1856. 15s. Vol. III. Elasticity, Heat, Electro-Magnetism. 18s. Vol. IV. Hydro- 
dynamics and general Dynamics. 18s. Vol. VY. Thermodynamics, Cosmical and 
Geological Physics, Molecular and Crystalline Theory, Electrodynamics. 18s. Vol. 
VI. Voltaic Theory, Radioactivity, Electrions, Navigation and Tides, Miscellaneous. 
10s 

Mathematical and Physical Papers. By Sir GEORGE GABRIEL STOKES, 
Bart., Se.D., LL.D., Past Pres. R.S., etc. Reprinted from the Original Journals and 
Transactions, with brief Historical Notes and References. Demy 8vo. Vols. I, II, 
III, IV and V. 15s each 

The Collected Mathematical Papers of James Joseph Sylvester, 
F.R.S., D.C.L., L.D., Sc.D. Edited by H. F. Baxnr, Sc.D., F.R.S. Vol. I. 1837— 
1853, Vol. Il. 1854—1873. Vol. III. 1870—1883. Vol. IV. 1882-1897. Royal 
8vo. Buckram. 18s net each 

Matrices and Determinoids. University of Calcutta Readership Lectures. 
By C. E. Cunuis, M.A., Ph.D., Professor of Mathematics in the Presidency College, 
Calcutta. Volume I. Large Royal 8vo. 21s net ; 

The Progress of Physics during 33 years (1875—1908). Four 
lectures delivered to the University of Calcutta during March 1908. By ArrHuR 
Scuuster, F.R.S., Ph.D. Demy 8yo. With frontispiece. 3s 6d net 

Outlines of the Theory of Electromagnetism. A series of lectures 


delivered before the Calcutta University. By Gruperr T. Wanker, M.A., Se.D., 
F.R.S. Demy 8vo, 3s net 


Cambridge University Press 
Fetter Lane, London: C. F, Clay, Manager 


x 


gi 


age 
as 


Rat 
Pal 
1] 


es 


oye 


Bete 
ERY ieee 


Bs 


